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Abstract 


The purpose of this paper is to determine by calcula- 
tion the diameter of a solid steel cylinder, which, when 
quenched in a given medium, will have the same hardness 
in the center as the minimum hardness,qn the agall of a hel- 
low cylinder when quenched in the same medium. In per- 
forming these calculations, it was found expedient to use 
a new criterion for equal hardnesses other than the half- 
temperature time suggested by Grossmann and Asimow. 
This new criterion is essentially one of equal cooling rates. 
In comparing hardnesses at the centers of flat plates and 
round bars, or in the mid-walls of cylinders, it is suggested 
that this criterion of equal cooling rates is not only simpler 
to use, but has more physical significance than the criterion 
used by Grossmann and Asimow. Calculations based on 
this new criterion have been made to determine the size 
of rounds equivalent to hollow cylinders and flat plates 
for various conditions of quenching. In a comparison of 
the theoretical results with experiments, it 1s concluded that 
quenching of the inside of hollow cylinders is more effi- 
cacious than the quenching of the outside under the usual 
quenching procedure. 


HE method of Grossmann for calculating the effect of alloying 
elements on the hardenability of rounds has been described in 
detail in the literature (1) to (8)*. After calculating the multi- 





*The figures appearing in parentheses pertain to the references appended to this paper. 
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plicative effects of the alloying elements, a series of curves can be 
determined for the effect of carbon content and grain size (2) on 
the diameter which would just harden throughout in an _ ideal 
quenching medium. In an ideal quenching medium the surface of 
the round is maintained at the temperature of the medium. This 
is approximated in practice by agitated or sprayed brine. In an 
actual quench, the diameter of the round which will just harden 
throughout is the smallest one having no “unhardened core” visible 
in either the fracture or the etch test. The center of such a 
hardened round is approximately 50 per cent martensitic. After 
estimating the ideal diameter for some composition, the actual size 
of round which would just harden throughout may be determined 
from a series of curves for different quenching media which relate 
the actual size of round to this ideal diameter. ; 

The primary purpose of this paper is to extend the general 
method of Grossmann to the case of hollow cylinders. In this 
extension it was found expedient to use a new criterion for complete 
hardenability rather than the half-temperature time. This new 
criterion is not only simpler to use, but has more physical significance. 


DISCUSSION AND RESULTS 


In order to calculate the diameter of the solid steel cylinder 
which when quenched in a given medium will have the same hard- 
ness at its center as the minimum hardness in the wall of the hollow 
cylinder quenched in the same medium, it is first necessary to de- 
termine the conditions of time and temperature during cooling for 
which the hardness at the two positions of the two steel shapes will 
be the same. Grossmann, in comparing the hardness distribution 
from the center to outside of solid cylinders, found that the time 
required to reach half the difference between the quenching and 
final temperature during cooling determined the hardness; that is, 
if the outside of one solid cylinder of a given steel composition re- 
quired the same time to cool half way from the quenching tem- 
perature to room temperature as the inside of some other cylinder 
of the same composition, the hardnesses at the specified positions 
would be very nearly the same. It was noted that the shapes of the 
cooling curves at different positions in solid rounds are quite dis- 
similar. If the cooling rate at the center of one bar is the same as 
that of the outside of another, the “half-temperature times’ will 
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be widely different. Since the time spent below the critical temper- 
ature before transformation is of importance in determining the 
precise products of transformation, in comparisons where the in- 
itial parts of the cooling curves are of different shapes the time to 
reach half temperature is probably a better criterion than that of 
cooling rate. Grossmann and his collaborators (2) presented some 
experimental evidence that cooling time is the more applicable 
criterion of hardenability when positions other than the centers of 
round sections are compared and assumed that this condition is 
also the more applicable in comparing the cooling at the centers of 
different round bars. 

In certain important cases, the rate of cooling in the appropriate 
temperature range may be specified by a single parameter, c, in the 
manner indicated below: 


dT 
—=-—cT, (1) 
dt 


where T is the temperature of the element referred to that of the 
quenching medium. Throughout the temperature range in which 
Eq. (1) is obeyed a plot of T vs. t on semi-log paper will yield 
a straight line. Such a plot is presented as Fig. 1 for the centers 
of solid cylinders from calculations of Russell,(10). As the quenching 
proceeds the curves approach straight lines. The less severe the 
quench or rather the smaller the product of H (severity of quench) 
times D (diameter of the round) the more rapidly is the asymptote 
approached. For each different product, HD, in this graph the 
diameter (D) of the bar has been chosen which renders the various 
asymptotes parallel. Thus if a bar diameter D, just hardens through 
when quenched in a medium of severity H,, in order to find the 
diameter of D, (of the same steel) that would just harden through 
in some other medium of severity H,, it is necessary to find the 
corresponding line which is parallel (the cooling curve having 
the same “c’”’). The centers of the bars represented in Fig. 1 
quenched in different media have the same “c” while their half- 
temperature times are quite different, having the ratio 2.4 : 3.0 : 4.0 
for HD equal to 0, 1, and o respectively. Since most of the differ- 
ence in half-temperature times occurs before the critical temperature 
is reached, it is not significant. For this example the quenching 
temperature was assumed to be 1700 degrees Fahr. (925 degrees 
Cent.), the critical temperature 1600 degrees Fahr. (870 degrees 
Cent.), and the temperature of the nose of the “S” curve 1050 
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degrees Fahr. (565 degrees Cent.). | The half-temperature time 
starting from the critical rather than the initial temperature are in 
the ratio of 2.1:2.1:2.4 which is not far from the ratio 1:1: 1. 
Since the difference between the initial and critical temperatures is 








02 





Q1 
Time (Arbitrary Units) 


Fig. 1—Cooling Curves for Center of Solid Cylinders. Data 
from Russell (10). 


variable and very difficult to fix in actual quenching practice it 
may be concluded that when center hardnesses are to be compared 
the slopes of the linear portion of the curves of Fig. 1 are a better 
measure of the hardenability than the half-temperature times. The 
criterion of hardenability used throughout this paper is applicable 
only when the centers of hollow cylinders, round bars and flat plates 
are compared. The cooling curves for the outside are very different 
from those shown in Fig. 1, approaching asymptotes only at very 
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low temperatures. Therefore, if the center and outside of hardnesses 
are to be compared, then the criterion of half-temperature time is 
probably more nearly correct. 

A comparison has been made, using this new measure of 
hardenability, of the hardenability of rounds in an actual quench 
to that of rounds in an ideal quench. A similar comparison has 
been made for plates. The results are given as Figs. 2 and 2A. 
The first figure is to be used when the hardenability in the actual 
quench (Ds) is known, the second figure when the hardenability 
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in the ideal quench (Dg,) is known. As an example of the first 
case, suppose a 2-inch round just hardens throughout in a medium 
whose severity of quench (H) is 1.5 inch’, and it is required to 
know the size round which will just harden throughout in an ideal 
quench. From Fig. 2 one sees that when H Dgg is 21.5, namely 
3, Dsy/Ds~. is 0.74. Therefore Ds, is 2/0.74, or 2.7 inches. 
In order that a comparison may be made with Grossmann’s method, 
Fig. 3 has been constructed. It may be readily seen from this 
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Fig. 3—Equivalence of Round in Actual Quench to a Round in an Ideal 


Quench. (For Equal Half Temperature Times). Taken from Calculations by 
Grossmann, et al. 


figure that Grossmann’s method would lead to an answer of 2/0.78, 
or 2.56 inches for the above problem. As an example of the second 
case, suppose that a 2-inch round will just harden throughout when 
the severity of quench is 1.5 inch~ and it is required to know what 
size round of the same steel will just quench when the severity of 
quench is 3 inch. As before, one finds from Fig. 2 that for this 
steel Ds, — 2.7 inches. From Fig. 2A one now finds that when 
H Ds. = 32.7, or 8.1, the ratio Dsg,/Ds,, is 0.94. Therefore for 
this steel Ds, — 0.94 2.7 — 2.54 inches. 

The relation between the size round which will just harden 
throughout in a given quench and the thickness of plate (Ly) of 
the same steel which will just harden throughout in any other 
specified quench may be obtained from Figs. 2, 2A and from the 
following relation : 
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Dseo = 1.53 Le 


The observed values (9) of Dsg/L lie between the values Dg,/L., and 
Dso/Lo calculated by the new criterion of hardenability, namely 
between 1.53 and 2. See equations (9) and (10). The value (3) for 
a particular quench as calculated by Grossmann’s method is 1.37. 
The calculation of the ideal round diameter equivalent to a 
hollow cylinder is more complicated, for the outside and inside 
diameters can be varied independently. In this paper the equivalent 
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Fig. 4—Equivalence of Solid and Hollow Cylinders. (Lower Set 
of Curves Refers to Both Inside and Outside Quenching.) 


round diameter is determined for a given wall ratio for a severity of 
quench measured by the product of H times the difference between 
the inside and outside diameters. 

The results of calculations (Appendix) based on the new cri- 
terion of equal cooling rates are presented as Fig. 4 in which the ratio 
of equivalent round diameter (Dgy) to outside diameter (D,) is plot- 
ted as a function of D,/D, for different values of H times (D,—D,) 
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where D, is the inside diameter. Dgy is the diameter of the round 
which has the same cooling rate at its center as the minimum cooling 
rate in the wall of the hollow cylinder when quenched in a medium 
of severity H. The use of curve a of Fig. 2 and Fig. 4 can be 
best. understood through an example; let us assume that the 
equivalent ideal diameter of a round is to be determined for the 
following situation: 


Severity of quench (H) = 1”” 
Outside diameter (D.) = 4” 
Inside diameter (D:) = 2” 
Di /De = 0.5 
D.-— Ds = 2” 
H(D.—D:i) =2 


The value of Dgxu/D, corresponding to a wall ratio of 0.5 and 
an H(D,—D,) value of 2 is read from Fig. 4. Dsgy/D, in this 
case is 0.43 and when multiplied by D, (4 inches), an equivalent 
round diameter of 1.72 inches is obtained. By employing graph a of 
Fig. 2 and the product of Dgy(1.72) and H(1), Dsn/Ds.(0.63) 
is found. Dgy divided by this ratio fixes the ideal round diameter 
equivalent to the hollow cylinder (2.7 inches). 


Experimental 


In order to determine how closely the theoretical results out- 
lined in the previous section approximate the actual relationships 
between the sizes of hollow cylinders and rounds having the same 
minimum hardness, experiments described in this section have 
been performed. 

The ideal critical diameter of a steel of the following composi- 
tion was calculated by the method of Grossmann. 


Cc Mn Si S P Cr Cu Mo Al 
0.40 0.79 0.43 0.070 0.018 0.14 0.105 0.16 0.004 


The critical diameter in mildly agitated water was measured by 
quenching from 1575 degrees Fahr. (855 degrees Cent.) (neutral 
atmosphere) rounds of various diameters from 1% to 2% inches 
all machined from a 23-inch round bar. In all cases the length of the 
solid cylinder was 4 times the diameter. The water in the quenching 
tank was agitated by a stream of water entering from the bottom 
through a %-inch diameter aperture at about 25 gal. per minute. 
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The diameters of the unhardened cores were determined after 
sectioning by etching with a hot sulphuric-hydrochloric acid mixture. 
The critical diameter of the steel and the H value of the medium 
were then determined by the method of Grossmann and were 
found to be 1.5 inches and 1.4 inches respectively. The ideal diam- 
eter calculated from the composition was 2.2 inches while the meas- 
ured diameter was equal to 2.1 inches. The ratio D,/D, of the hollow 
cylinder with outside diameter of 214 inches and for both inside and 


10 





Ql Qs 1 3 10 
2 HL, for Plate; H(Do -Dy), for Hollow Cylinoer 


Fig. 5—Transition from Poor to Ideal Quench, 
X= Ds/L, For Plate X = Ds/(Do-Di), For Hollow 
Cylinder. 


outside quenched which would be equivalent to this solid round 
(1.5 inch) was read from Fig. 4 and Dj,/D, is equal to 0.3. The 
wall ratio (D,/D.) for the equivalent hollow cylinder for the case 
in which only the outside is quenched was found from Fig. 4 to 
be 0.6. Five hollow cylinders with wall ratios (D,—2.5 inches) less 
than each of these two critical values were machined from the 
2%-inch round stock. One set of five hollow cylinders was quenched 
from 1575 degrees Fahr. (855 degrees Cent.) into the water and 
supported directly over the aperture. Thin plates were welded over 
the ends of the second set of hollow cylinders and these were 
quenched as nearly like the solid cylinders as possible. 

The Rockwell “C” hardness distribution for each of the hollow 
and solid cylinders was measured and the minimum hardnesses are 
plotted in Fig. 6. A typical hardness survey for both inside and 
outside quenching is presented in Fig. 7. The size of the round 
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Fig. 6—Minimum Hardness of Solid and Hollow a! 
Cylinders as a Function of Dimension (Experimental). 


Table I 
Comparison of Theoretical and Experimental Equivalent Solid Cylinders 
(For Same Minkmem Hardness) 


Hollow Cylinder 


Only Outside Quenched Diameter of Equivalent 

Di Do Solid Cylinder (Inches) 
(Inches) (Inches) Exp. Theo. 
1.00 2.48 1.94 1.93 
1.13 2.48 1.70 1.81 
1.25 2.48 1.57 1.66 
1.38 2.48 1.44 1.53 
1.50 2.48 1.38 1.38 

Both Inside and Outside Quenched 

0.38 2.48 1.55 1.75 
0.50 2.48 1.44 1.69 
0.63 2.48 1.31 1.54 
0.75 2.48 1.20 1.45 
1.35 


0.88 2.48 1.10 


which would have the same minimum hardness as each of the hollow 
cylinders was determined from Fig. 6. The experimental deter- 
minations and the corresponding theoretical values read from Fig. 
4 are tabulated in Table I. The difference between theory and 
experiment for the hollow cylinders with only the outside quenched 
is less than 6 per cent. For the case of both inside and outside 
quenching the difference is about 15 per cent, the theory predicting 
a larger equivalent round size. For these small size cylinders, the 
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Fig. 7—Typical Hardness Survey for Hollow Cylinder Quenched Inside 
and Outside. 


inside quenching is more efficacious than the outside for the par- 
ticular conditions of our experiment. In these experiments, it 
appears that the severity of quench is larger on the inside than the 
outside and the equivalent solid cylinder is necessarily smaller than 
that predicted assuming that the inside and outside of the hollow 
cylinder were quenched identically. 


APPENDIX A—CALCULATIONS 
General Theory 


The purpose of this section is to find the relation between the 
equivalent ideal critical diameter (Dg) of a solid cylinder and 
of a hollow cylinder of inside diameter D,; and outside diameter 
D,, when quenched in some medium. This relation will contain as 
parameters the severity of the quench in the actual medium, H, 
and the wall ratio (a) of the inside diameter over the outside 
diameter. Thus 


Ds = F(a, H, De). 


The mathematical problem to be solved is the determination 
of the constant c (Eq. 1) for hollow and for solid cylinders, for 
various severities of quench. 

The differential equation for heat flow is 

OT/ot = kA*T. (2) 


In this equation, k is the thermal diffusion coefficient, Z\? is the 
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LaPlacian operator. Since we are considering the special case in 
which Eq. (1) is satisfied, we shall set 


T = T. {exp (—ct)} U(r). (3) 


Here, as in Eq. (1), T is the temperature of element referred to 
that of the quenching medium, U is an unknown function of co- 
ordinates, and c is a constant to be determined. 

Substitution of Eq. (3) into Eq. (2) gives Eq. (5) below as 
the differential equation for U(r); with 


m’* = c/k.. (4) 


Only those solutions of this differential equation are desired which 
satisfy the appropriate boundary condition. The boundary condition 
which has been found to be fairly accurate is given by Newton’s 
law of cooling. This law states that the flow of heat across a 
boundary is proportional to the temperature drop across that 
boundary. Since the flow of heat is proportional to the temperature 
gradient, the appropriate boundary condition is that the temperature 
gradient at the boundary is proportional to the difference in temper- 
ature between the solid and the quenching medium. The constant 
of proportionality is taken as —h, the gradient being taken in the 
direction from the solid to the quenching medium. The constant h 
is equal to twice the H used by Grossmann. This boundary con- 
dition may be written as in Eq. (6). Eqs. (5) and (6) below 
form the complete mathematical formulation of the problem. 


Differential equation for U: 


AU = —m’U. (5) 
Boundary condition for U: 
gradientaU = —hU at surface. (6) 


Plates and Solid Cylinders 


The solution of these equations has previously been given 
for the cases of a plate and of a solid cylinder. In the case of the 
plate, of thickness L, 


U = cos mx, 


where m is the lowest root of the equation 


tan44mL = h/m. (7) 
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In the case of a solid cylinder of radius r, 


U = J.(mr), 


where m is the lowest root of the equation 
Ji(mrs)/Jo(mrs) = h/m. (8) 


Equations (7) and (8) have no solution for arbitrary values 
of m, but only for a discrete set of values. In the present case 
one is interested only in the lowest value of m. The higher values 
are important only when the transient effects are being studied. 

Limit h=o. In the case of a very poor quenching medium, 
h—o and also mo. The left members of Equations (7) and (8) 
may therefore be replaced by the first term in a Taylor expansion. 
We obtain 


Y%mL=h/m, (7a) 
Y4mrs=h/m., (8a) 


The ratio of the diameter of the solid cylinder to the thickness of 
equivalent plate is therefore given by the equation 


rs/L=1, Ds/L=2 (9) 
Limit h= oo. The case of an ideal quench is obtained by setting 


h= oo. Equations (7) and (8) now become, with r;, written 
for f.. 


Mra, (7b) 
MPseo= 2.404. (8b) 


In this case we obtain the ratio 


Pse0/Le=0.765, Dsa/Lo=1.53 (10) 


Intermediate Quenches. The relation between the harden- 
ability in an actual quench to the hardenability in an ideal quench 
may be obtained by substituting the values of m, as given by 
Equations (7b) and (8b), into Equations (7) and (8), respec- 
tively. Upon replacing h by 2H, one obtains 


tan (4La/Le)=(2/7T) HLe (7c) 
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and 


Ji (2.404 Dsu/ Ds ) H Dsew 





a (8) 
J.(2.404 Dsn/Dsx) 2.404 


These equations are plotted in Fig. 2A, from which the ratio 
Lyu/L,. may be obtained when HL, is given and the ratio 
Dsgu/Dsg. may be obtained when HDs, is given. Since in certain 
cases one wishes to know these ratios in terms of H Ly and H Dgn, 
respectively, Fig. 2A has been replotted in Fig. 2 in which the 
latter quantities are taken as the independent variables. This was 
done by multiplying the abscissas of the appropriate graphs in 
Fig. 2A by Lya/L, and by Dgy/Dse. 

It is of considerable interest to know how the ratio of round 
diameter to equivalent plate thickness changes from 1.53 for the 
case of an ideal quench to 2.0 for the case of a very poor quench. 
This transition is most vividly represented by a plot of the 
quantity (Xq—X.)/(Xo—X.), where Xqy = Dgy/Ly, etc. against 
one of the dimensionless quantities HLy, HL,. Such a plot is 
given as Fig. 5. This plot was constructed by the simultaneous use 
of Fig. 2A and of the relation Dsg,/L, = 1.53. 


Hollow Cylinder, Inside and Outside Quenched 


In a hollow cylinder the general solution of Eq. (5) must be 
used, namely 


U(r) =C, J.(mr)+C,.N.(mr), (11) 


where J, and N, are Bessel functions of the first and second type, 
respectively (11). The two constants must be so chosen as to satisfy 
the boundary condition Eq. (6) at both the inner and the outer 
surfaces. 

The boundary condition Eq. (6), applied to both the inner and 
outer surfaces, gives two simultaneous linear homogeneous equations 
in the two unknowns C, and C,. These equations are soluble only 
if the determinant of the coefficients is zero. This condition gives 
the following equation, which corresponds to Eq. (8) for a solid 
cylinder. 
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m J.’(mr.) +h J.(mr.~) m J.’(amr.)—h J,(amr.) 


RN (12) 
m N.’(mr.) +h N.(mr.) m N.’(amr.)—h N.(amr.) 


Limit h=o. One obtains the extreme case of a poor quench 
by letting h, and hence also m, approach zero. In this case each 
Bessel function may be replaced by the first term in the Taylor 
expansion. Using the expansion given in reference (11), one 
reduces Equation (12) to 


Y4 mro(l-a) =h/m. (12a) 
Upon dividing Equation (8a) by Equation (12a) one obtains 
rs/ro—l-a (13) 


as the ratio of the radius of the round to that of an equivalent 
hollow cylinder. 

Limit ha. The extreme case of an ideal quench is obtained 
by letting h approach « in Eq. (12). In this case Eq. (12) re- 
duces to 


Jo(mreo) J.(amr.) 
WS écnitiomntats (12b) 
No(mro) N.(amro) 


Since m may be replaced by 2.404/r,, from Eq. (8b), the ratio 
'sx2/T>o may be determined as a function of a. This function has 
been determined by a graphical method, and is given in Fig. 4. 

Intermediate Quenching. The variation of the ratio x—r,/r, 
with severity of quench may best be studied through the ratio 
(x—x.)/(Xo—xX.). At least in the case of a thin hollow cylin- 
der, a = 1, the dependence of this ratio upon h (r,—r,) will be 
given by the graph in Fig. 5 which was derived originally from a 
comparison of rounds with plates (pages 13 and 14). A numerical 
calculation for r,/r, was carried out for the cases a=0.1 and 
a=0.5. The results showed that Fig. 5 was applicable to values 
of a at least as low as 0.1. The intermediate lines in Fig. 4 have 
been based upon Fig. 5. 
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Hollow Cylinder, Only Outside Quenched 


In the case of a hollow cylinder quenched only on the outside, 
we must again use the general solution given in Eq. (11). The 
constants C, and C, are to be so chosen that the boundary condi- 
tion Eq. (6) is satisfied with h set equal to zero at the inner boundary. 
The two conditions corresponding to the two boundaries lead to 
two linear homogeneous equations in C, and C,. These equations 
are soluble only when the determinant of the coefficients is zero. 
Upon equating this determinant to zero, one obtains the equation 


m Jo’(mre) +h Jo(mro) J.’(a mre) 


= (14) 
mN.’(mro)+hN.(mr.) N.’(amre) 


Limit ho. Proceeding as on page 15, we retain only the first 
terms in the Taylor expansion of the functions in Equation (14). 
In this case Equation (14) reduces to 


mr. (1-a*) =h/m. (14a) 
Upon comparing this equation with Equation (8a), we obtain 
rs/ro= (1-a’) e 


This relation is given in Fig. 4. 
Limit hc. In the case of an ideal quench, ho, Equation 
(14) reduces to 


J.(mr.) N.(amr.o) 
a (14b) 
N.(mro) J.(amr.) 


This equation has been solved graphically in the same manner as 
was Equation (12b). The result is given in Fig. 4. 

Intermediate Quenching Rates. When a=1, the distribution 
of temperature in the hollow cylinder becomes identical to the 
temperature distribution throughout one-half of a plate quenched 
on both sides, whose thickness is double the real thickness of the 
hollow cylinder. The transition from h-0 to ho is therefore 
obtained from Fig. 5 provided the abscissa is now 2H - (D,—D,) 


in place of H(D,—D,). 
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DISCUSSION 


Written Discussion: By Morse Hill, assistant metallurgist, Materials 
Laboratory, Engineering Division, Materiel Command, Army Air Forces, 
Wright Field, Dayton, Ohio. 

The authors have studied and developed Russell’s data in a most inter- 
esting manner. They have emerged with a new measure of quenching power 
and have extended the previous calculations to still another shape. It is unfor- 
tunate that the relationships involved are so complicated that prolonged study 
is necessary to understand them. However the resulting figures are clear 
enough to make their application easy. 

Their proposed experimental method for evaluation of quenching severity 
or hardenability seems to be to determine the diameter which will just harden 
through with a steel of known hardenability or a quench of known severity. 
Since this criterion seems difficult to use in practice, involving as it does nu- 
merous samples and the determination of an unclear borderline of through 
hardening, can the authors elaborate on the procedures to be used in deter- 
mining the severity of quench or the hardenability ? 

This and any other procedure based on heat flow calculations makes cer- 
tain assumptions which cannot be too often noted. First, modifications in the 
cooling curve on passing through the critical are ignored. Second, it is assumed 
that the severity of quench remains constant through the cooling. Third, it 
is assumed that the quench is equally severe for all shapes and sizes of speci- 
mens. Fourth, it is assumed that the thermal diffusivity of the steel remains 
constant through cooling. Elementary reasoning from the mechanics of quench- 
ing makes it seem doubtful that these assumptions are fully justified. Before 
we can have full faith in the quantitative values of the calculation there must 
exist a considerable body of experimental data showing agreement of calcula- 
tions and determinations. 
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Oral Discussion 


M. A. GrossMANN:* It seems to me that the criterion selected by the 
authors is a most excellent one because of its validity when applied to the rate . 
of cooling during the temperature range where the changes are actually taking 
place; and although, as they say, the criterion has only been developed when 
applied to the center positions up to now, nevertheless its validity seems to be 
indicated by the relationship which they have developed between round bars and 
flat plates. Where some of our own earlier work indicated a relationship of 1 
to 1.37 with ideal quenches, they show a relationship of 1.53, I believe, and 
that as it turns out is closer to the experimental relationship developed by 
Greene and the authors of the paper appearing on page 19 of this volume. 

Another interesting item was the fact which they developed experimentally 
that the severity of quench on the inside of the hollow cylinder seemed to be a 
little greater than it “ought to be,” so to speak. You will recall that in the 
paper under discussion the flow of the cooling liquid is along the axis of the 
bars. So far as I remember, the specimens are vertical and water flows in from 
the bottom. In some quenches of round bars under similar conditions of 
quenching we found this curious situation: that as the diameter of the bar was 
increased the severity of the quench increased for ostensibly similar quenching 
conditions. 

I suppose this has something to do with turbulence in the flow along sur- 
faces of that kind. At any rate, if one imagines the diameter increased indefi- 
nitely and the severity of quench increasing slightly up to the point where the 
surface is flat and then begins to be turned inside out, one has a condition 
then of the inside of a hollow cylinder, and, as a matter of fact, the authors 
did find here that the severity of the quench was greater. 


Authors’ Reply 


We should like to thank both Messrs. Hill and Grossmann for their com- 
ments. In reply to Mr. Hill: The method of determining the severity of quench 
by measuring the depth of hardening of rounds of different diameter was pro- 
posed by Dr. Grossmann and his collaborators and not by the present authors. 
There are a number of ways in which the depth of hardening may be measured: 
by hardness surveys, by fracture tests, and by etch tests. 

As to the advisability of applying heat-flow calculations to the problem 
of quenching, there are assumptions involved in applying any theory to physical 
fact. The question which must be asked is whether or not the results derived 
from such theory with the use of the best assumptions possible, are in sufficient 
agreement with actual experiment to warrant their practical use. 

The authors believe that the calculations based on the assumptioris which 
Mr. Hill questions permit the determination of relations which are sufficiently 
accurate to be applied to practical quenching problems. 

The authors should particularly like to thank Dr. Grossmann for his kind 
remarks and for the confirmation of the authors’ conclusion that severity of 
quench is greater on the inside than on the outside of a hollow cylinder. 


1Director of research, Carnegie-Illinois Steel Corp., Chicago. 








RATES OF COOLING IN BLOCKS AND CYLINDERS 
By C. B. Post anp W. H. FENSTERMACHER 


Abstract 


Experimental center cooling rates (degrees Fahr. 
per second at 1300 degrees Fahr.) are determined for the 
oil quenching of cylinders, bars and slabs of various 
length and thickness. These data show that the effect 
of length on the center rate of cooling past 1300 degrees 
Fahr. (705 degrees Cent.) of cylinders and bars is negli- 
gible until the length becomes almost equal to the radius 
or the smallest of the cross section dimensions. 

A method is outlined for computing the rates of 
cooling (degrees -Fahr. per second at 1300 degrees Fahr.) 
throughout finite sections such as cylinders, bars and 
blocks. This method utilizes simple combinations of the 
temperature functions for the quenching of cylinders 
of infinite length and slabs for which tables are available. 

These calculated rates of cooling in finite sections 
are compared with the data obtained from several stand- 
ard methods of testing hardenability (Rockwell hardness 
as a function of rate of cooling past 1300 degrees Fahr.) 
to obtain computed Rockwell contours throughout the 
section. Several finite sections are considered in detail 
and experimental and computed Rockwell contours com- 
pared. 


HE prediction of hardness contours in steel blocks and 

cylinders of finite length, based upon Rockwell hardness as a 
function of rate of cooling through the critical temperature range, 
necessitates methods for calculating cooling rates in these finite 
sections. Comprehensive tables of temperature functions for the 
quenching of slabs and cylinders of infinite length have been given 
by H. Scott' and T. F. Russell*. It is the purpose of this report 
to discuss methods of combining temperature functions for slabs 
and cylinders of infinite length when rates of cooling during quench- 


1H. Scott, TrRaNsactions, American Society for Metals, Vol. 22, 1934, p. 68-94. 


2T. F. Russell, First Report of Alloy Steels Research Committee, British Iron and 
Steel Institute, 1936, p. 149-187. 





A paper presented before the Twenty-fifth Annual Convention of the 
Society, held in Chicago, October 18 to 22, 1943. The authors, C. B. Post and 
W. H. Fenstermacher, are associated with the Metallurgical Department, Car- 
penter Steel Co., Reading, Pa. Manuscript received May 31, 1943. 
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ing are desired throughout finite sections such as blocks, bars, ete. 

The data obtained from the Jominy hardenability test* deter- 
mines the hardness developed by a given steel as a function of the 
rate of cooling (degrees Fahr. per second) past 1300 degrees Fahr. 
(750 degrees Cent.). Grossmann and Asimow*® considered the 
calculation of hardness contours in finite sections from Jominy 
hardenability test data. In order to do this, it was necessary that 
Grossmann and Asimow evaluate the Jominy hardenability test in 
terms of the so-called “half-temperature time’ and “ideal critical 
bar diameter” instead of the rate of cooling past 1300 degrees Fahr. 
(705 degrees Cent.). A direct method will be discussed here for 
calculating rates of cooling (degrees Fahr. per second) past 1300 
degrees Fahr. (705 degrees Cent.) throughout blocks, bars and other 
finite sections. Thus the Rockwell hardnesses obtained from the 
Jominy test bar can be used to predict hardness contours in various 
finite sections when the rate of cooling past 1300 degrees Fahr. 
(705 degrees Cent.) is assumed to be the criterion of hardenability. 


EXPERIMENTAL DETERMINATION OF RATES OF COOLING 


The effect of length of cylinder, length of bar, and edges of 
slabs on the variation of the center cooling rates (degrees Fahr. 
per second at 1300 degrees Fahr.) during oil quenching was de- 
termined for various finite sections. These data are useful in es- 
timating the degree of agreement to be expected between rates of 
cooling computed by the proposed theoretical methods with experi- 
mentally determined rates in finite sections. 

32 per cent nickel steel was used in these experiments because 
it has been shown by Scott? that the thermal diffusivity of this steel 
is approximately the same as that of austenite. A thermocouple was 
inserted at the center of a 1.5-inch round by 8-inch long cylinder as 
shown in Fig. 1. The thermocouple was directly connected to a 
sensitive milliammeter. A stop-watch was laid near the face of the 
meter, and the milliammeter and stop-watch were simultaneously 
photographed by means of a movie camera during the course of 
cooling. The quenching temperature was 1490 degrees Fahr. (810 


*W. E. Jominy and A. L. Boegehold, Transactions, American Society for Metals, 
Vol. 26, 1938, p. 574-599. 


4M. Grossmann and M. Asimow, Transactions, American Society for Metals, Vol. 28, 
1940, p. 949-978. 


5M. Asimow, W. F. Craig and M. Grossmann, S.A.E. Journal (Transactions), Vol. 
49, 1941, p. 283-292. 5 
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degrees Cent.) and the temperature of the large oil bath was room 
temperature (25 degrees Cent.) in all of the experiments discussed 
below. 

The center cooling curve of the 1.5-inch round by 8-inch long 
bar during oil quenching was determined. Subsequent experiments 
consisted in decreasing the length of the bar and studying the effect 
of length on the resulting center cooling rates. 


Wire Handle for Sleeve Bound to Handle 





Hook or Tongs To Millammeter 


32 % Nicke!- 
Stee/ Bar 


*78 Ga. /ron- 5/4"x 44" ROUNA Machine Fit 
Constantan Plug-Stand. Threads § Between Plug 
Thermocouple 52% Nicke! Stee! and Bar 
Peened Into Plug 


Fig. 1—Method of Attaching Thermocouple for Determining Center 
Cooling Rates During Oil Quenching. 


The center cooling rates during oil quenching were determined 
for a slab 1.5 inches thick by 5 inches square. A similar method of 
attaching the thermocouple, as shown in Fig. 1, was used in these 
experiments. Subsequent experiments determined the center cool- 
ing rate when the sides of the slab were gradually decreased to 
eventually yield a bar 1.5 by 1.5 by 5 inches. 

The center cooling rates of a bar originally 1.5 by 1.5 by 6 inches 
long were determined as the length of the bar was decreased to 1.125 
inches. All of the above data are given in Table I. 

The time-temperature curves for the center cooling of the 
1.5-inch round by 8-inch long cylinder and the 1.5-inch by 5-inch 
square slab during oil quenching are shown in Figs. 2 (a) and 2 (b). 
Also shown in these figures are the calculated center time-tempera- 
ture curves for the cylinder and slab using the tables of Russell? 
and a value of thermal diffusivity (a) of 0.040 centimeter square 
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Table |! 

Center Cooling Rates (Degrees Fahr. Per Second) at 1300 Degrees Fahr. (705 Degrees 
Cent.) Oil Quenching, Quenching Temperature — 1490 Degrees Fahr. (810 Degrees Cent.), 
Oil Bath Temperature — 77 Degrees Fahr. (25 Degrees Cent.) 





Degrees Fahr. Degrees Fahr. 


Per Second At Per Second At 
1300 Degrees 1300 Degrees 
Rounds Fahr. Slabs Fahr. 
1.5 inch round by 8 inch long 25.7 5 by 5 by 1.5 inch 12.6 
1.5 inch round by 5 inch long 25.8 5 by 2.5 by 1.5 inch 16.9 
1.5 inch round by 3.5 inchlong 25.7 5 by 1.75 by 1.5 inch 20.7 
1.5 inch round by 2.5 inch long 25.9 5 by 1.5 by 1.5 inch 25.0 
1.5 inch round by 1.75 inch long 30.2 
1.5 inch round by 1.5 inch long 33.3 
1.5 inch round by 1.125 inch long 41.4 
Degrees Fahr. 
Per Second At 
1300 Degrees 
Bars Fahr. 
1.5 by 1.5 by 6 inch 23.8 
1.5 by 1.5 by 3 inch 24.2 
1.5 by 1.5 by 1.75 inch 29.5 
1.5 by 1.5 by 1.5 inch 31.0 
1.5 by 1.5 by 1.125 inch 37.2 
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Fig. 2a—Comparison of Calculated and Ex- 
erimental Center Cooling Rates in 32 Per Cent 
lickel Steel Cylinder, 1.5 Inch Diameter by 8 
Inches Long; Oil Quench. 
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Fig. 2b—Comparison of Calculated and Ex- 
perimental Center Cooling Rates in 32 Per Cent 
Nickel Steel Slab, 1.5 Inch Thick; Oil Quench. 


per second, T, (the quenching temperature) equal to 1490 degrees 
Fahr. (810 degrees Cent.), and T, (the temperature of the quenching 
medium) equal to 76 degrees Fahr. (25 degrees Cent.). This value 
of thermal diffusivity has been determined by Scott? and has been 
independently redetermined in these Laboratories. An inspection of 
Figs. 2 (a) and 2 (b) shows that the severity of quench (h) is equal 
to unity for the oil quenching used in these experiments.® 
Qualitatively, the results of these experiments show that the 
end or edge effect of cylinders on center rates of cooling during 
quenching are negligible until the length of the cylinder becomes 
almost equal to the diameter; similarly, the end effect of a bar on 
center cooling rates is negligible except when the length of the bar 
becomes almost equal to the smallest of the side dimensions. 


CALCULATION OF COOLING RATE CONTOURS IN FINITE SECTIONS 


Appendix I considers the solution of the heat-conduction equa- 
tion for the quenching of bars, blocks and cylinders of finite lengths. 





®Note that Grossmann’s par ameter expressing severity of quench is one-half the 
parameter used in this work, ic., H = % h. 
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Table I! 


Center Cooling Rates (Degrees Fahr. Per Second) at 1300 Degrees Fahr. (705 Degrees 
Cent.) Oil Quenching, Quenching Temperature — 1490 Degrees Fahr. (810 Degrees Cent.), 
Oil Bath ee = 77 Degrees Fahr. — eee Cent.) 


ene’ Fahr. aia Fahr. 
Per Second At Per Second At 
1300 Degrees 1300 Degrees 
Rounds Fahr. Slabs Fahr. 
1.5 inch round by 8 inch long 25.7 5 by 5 by 1.5 inch 12.6 
1.5 inch round by 5 inch long 25.8 5 by 2.5 by 1.5 inch 16.9 
1.5 inch round by 3.5 inchlong 25.7 5 by 1.75 by 1.5 inch 20.7 
1.5 inch round by 2.5 inch long 25.9 5 by 1.5 by 1.5 inch 25.0 
1.5 inch round by 1.75 inch long 30.2 
1.5 inch round by 1.5 inch long 33.3 
1.5 inch round by 1.125 inch long 41.4 


Degrees Fahr. 
Per Second At 
1300 Degrees 











Bars Fahr. 
1.5 by 1.5 by 6 inch 23.8 
1.5 by 1.5 by 3 inch 24.2 
1.5 by 1.5 by 1.75 inch 29.5 
1.5 by 1.5 by 1.5 inch 31.0 
1.5 by 1.5 by 1.125 inch 37.2 
100 — ) 
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Fig. 2a—Comparison of Calculated and Ex- 
perimental Center Cooling Rates in 32 Per Cent 
Nickel Steel Cylinder, 1.5 Inch Diameter by 8 
Inches Long; Oil Quench. 
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Fig. 2b—Comparison of Calculated and Ex- 
perimental Center Cooling Rates in 32 Per Cent 
Nickel Steel Slab, 1.5 Inch Thick; Oil Quench. 


per second, T, (the quenching temperature) equal to 1490 degrees 
Fahr. (810 degrees Cent.), and T, (the temperature of the quenching 
medium) equal to 76 degrees Fahr. (25 degrees Cent.). This value 
of thermal diffusivity has been determined by Scott? and has been 
independently redetermined in these Laboratories. An inspection of 
Figs. 2 (a) and 2 (b) shows that the severity of quench (h) is equal 
to unity for the oil quenching used in these experiments.® 
Qualitatively, the results of these experiments show that the 
end or edge effect of cylinders on center rates of cooling during 
quenching are negligible until the length of the cylinder becomes 
almost equal to the diameter; similarly, the end effect of a bar on 
center cooling rates is negligible except when the length of the bar 
becomes almost equal to the smallest of the side dimensions. 


CALCULATION OF COOLING RATE CONTOURS IN FINITE SECTIONS 


Appendix I considers the solution of the heat-conduction equa- 
tion for the quenching of bars, blocks and cylinders of finite lengths. 





*Note that Grossmann’s parameter expressing severity of quench is one-half the 
parameter used in this work, i.c., H Yh. 
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Briefly, these solutions are based upon the assumption that the heat 
flow through the surface of the body during quenching is normal 
to the surface at all points and proportional to the difference between 
the temperature of the surface and the temperature of the coolant. 
In other words, no edge effects are considered except those naturally 
arising from the heat flow normal to the two surfaces forming the 
edge. 

Using the customary reduced temperature for problems of this 
sort, 1. é., 


I =-Te 
U = ————, where 
‘le — Te 


T, is the original quenching temperature, T, is the temperature of 
the coolant, and T is the temperature of a point in the body for 
which the rate of cooling is to be determined, the tables of Russell? 
can be used to obtain U as a function of time for any point along 
the radius of an infinitely long cylinder, or for any point between 
the center and surface of a slab, when an appropriate value for the 
thermal diffusivity (a) is known in addition to the severity of 
quench (h). 

Referring to the cylinder of radius R and length 2Z shown in 
Fig. 3, the rate of cooling of the point P due to quenching from a 
temperature T, into a coolant at temperature T, may be considered 
to be controlled by two different factors, 

(1), The heat flow due to the quenching of a slab of thickness 
2Z, and 

(2), the heat flow due to the quenching of a cylinder of 
radius R. 

The results of Appendix I show that if the position of the 
point P is defined in terms of r/R and z/Z where r and z are the 
distances of the point from the center of the cylinder and slab re- 
spectively, then the reduced temperature of the point P at time (t) 
is given by 


U = Ur: Uz: 


In this equation Up is the reduced temperature of the point P (r/R) 
at time (t) due to the quenching of the infinitely long cylinder of 
radius R, and Uz is the reduced temperature of the point P (z/Z), 
at time (t) due to the quenching of the slab of thickness 2Z. 
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In the same manner, the rate of cooling of a point in a bar of 
cross sectional dimensions 2X and 2Y may be considered to be 
controlled by 

(1), the heat flow due to the quenching of a slab of thickness 
2X, and 

(2), the heat flow due to the quenching of a slab of thickness 
2Y. Appendix I shows that if the position of the point P is de- 
fined by x/X and y/Y where x and y are the distances of the point 


zZ Longituoinal Heat 
Flow Due to Slab 
Of THICKNESS 22 






Radial Heat 
Flow Due to 
Infinitely Long 
iNOER 
adius R 





Fig. 3—Assumed Heat Flow During 
Quenching in a Cylinder of Length 2Z and 
Radius R. 


from the center of the two slabs of thickness 2X and 2Y respectively, 
then the reduced temperature of the point P at time (t) is 


U = Uz: Ur: 


Here Ux is the reduced temperature of the point P(x/X) at time 
(t) due to the quenching of the slab of thickness 2X, and U, is the 
reduced temperature of the point P (y/Y) at time (t) due to the 
quenching of the slab of thickness 2Y. 

Extending these considerations to the case of a block of side 
dimensions 2X, 2Y and 2Z, the reduced temperature of a point P 
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(x/X, y/Y, z/Z) at time (t) is 
U = Us: Ux - Uz, where 


Ux, Uy and Uz are the reduced temperatures of the point P at time 
(t) arising from the quenching of the three mutually perpendicular 
slabs. 

To facilitate computations, Figs. 4 and 5 show the reduced tem- 
perature as a function of time in seconds in slabs and cylinders of 
infinite length for water and oil quenching. The diameter of the 
rounds and thickness of the slabs vary from 0.5 to 3 inches. The 
reduced temperatures of a point at the center, 6/10, and 8/10 the 
distance from the center to the surface (r/R = 0, r/R = 0.6, r/R 
= 0.8) are shown for the cylinder and also for the slab (x/X = 
O, x/X = 0.6, x/X = 0.8). Figs. 4 and 5 were constructed with 
the help of the tables of Russell? using a thermal diffusivity (a) 
of 0.040 centimeter square per second for austenite, h — 10 and h 
= 1 for the severity of quench during brine and oil quenching‘. 

The oil quenching charts (Fig. 5) may be compared directly 
with the experimental data on the variation of center cooling velocity 
in cylinders and bars of variable length, and in slabs as one side is 


decreased to form a bar. As an example, let T,. — 810 degrees 
Cent. (1490 degrees Fahr.), T, — 76 degrees Fahr. (25 degrees 
Cent.) h = | (oil quenching) and let the center cooling rate be 


desired at the temperature of 1300 degrees Fahr. (705 degrees 
Cent.) for a cylinder 1.5 inches round by 1.5 inches long. The re- 
duced temperatures shown below were obtained directly from Fig. 5. 


Rate (Degrees Fahr. Per Sec.) 
9 AU 


Time in Ur Uz == (Te -To) X — X — 
Seconds (r/R = O) Gf == OC) U 5 At 
& 0.970 0.990 0.96 
10 0.945 0.98 0.925 > 24.7 
12 0.912 0.968 0.873 > 36.7 
15 0.855 0.945 0.807 > 31.0 
18 0.80 0.92 0.735 > 33.8 


If these reduced temperatures (U) are plotted as a function of 
time, it will be found that the cooling rate at 1300 degrees Fahr. 
(705 degrees Cent.), which corresponds to U = 0.865, is 34 de- 
grees Fahr. per second. This cooling rate is to be compared with 
the experimentally determined rate of 33.3 degrees Fahr. per second 


(see Table I). 


7See Appendix II for a convenient method of determining severity of quench. 
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Fig. 4—Time-Temperature runctions for Water Quenching of 
Cylinders and Slabs: 
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Fig. 5—Time-Temperature Functions for Oil Quenching of Cylin- 
ders and Slabs. 
Table II lists some computations for a few of the cylinders 
and bars previously considered. The agreement between the experi- 
mental and calculated center cooling rates in the oil quenching of 
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Table Il 


Calculation of Center os oa om Geapess eg vd Soom a ia 
Degrees Fahr. (705 Degrees Cent.) enching, h=1, Te = egrees f. 
(810 Degrees Cent.), To —77 Degrees Fahr. (25 Degrees Cent.), See Fig. 5. 





Rate 
(Degrees Fahr. Experimental 
per Second) Rate 
Time AU at 1300 
Rounds (Seconds) Ur Uz .. wz: 1430 X “7 Degrees Fahr. 
t 
1.5 inch round by 6 eee. cn ters 0.99 >14.1 
8 inch long 8 See es... edboe 0.97 $17.6 
10 ae he eee 0.945 $21.1 
12 a <  ee<s 0.915 $25.9 25.7 
15 ES > a area 0.86 —~. ; 
18 a cath 0.80 >28. 
1.5 inch round by 6 0.99 0.998 0.99 >21.1 
1.5 inch long 8 0.97 0.99 0.96 5246 
10 0.945 0.98 0.925 $28 °2 33.3 
12 0.915 0.968 0.885 $34.3 ae ey” ee 
15 0.86 0.945 0.812 536.0 
18 0.80 0.92 0.735 ; 
1.5 inch round by 6 0.99 0.99 0.98 >24.7 
1.125 inch long 8 0.97 0.97 0.945 $331 
10 0.945 0.945 0.898 $37.4 41.4 
12 0.915 0.925 0.845 $3810 oe 
15 0.86 0.895 0.77 $42.2 
18 0.80 0.85 0.68 , 
Rate 
(Degrees Fahr. Experimental 
per Second) Rate ; 
Time AU at 1300 
Bars (Seconds) Ux Uy Uz U = 1410 X — _ Degrees Fahr. 
At 
1.5 by 1.5 by 6 inch 8 0.99 0.99 1.00 0.98 >14.1 
10 0.98 ee “wed s 0.96 517.6 
4 12 WsOGe OsPOe occas 0.935 S$18'8 
15 ee . we” scose 0.895 S211 23.8 
18 3 ie *  - Sa 0.85 S211 ae ee ae ’ 
20 ee eee scene 0.82 322°4 
25 Re Se neta 0.74 , 
1.5 by 1.5 by 1.5 inch & 0.99 0.99 0.99 0.97 >21.1 
10 0.98 0.98 0.98 0.94 $26.7 
12 0.968 0.968 0.968 0.902 526.7 
15 0.945 0.945 0.945 0.845 $204 31.0 
18 0.922 0.922 0.922 0.782 ——_ 
20 0.905 0.905 0.905 0.74 ; 
1.5 by 1.5 by 1.25 inch 8 0.99 0.99 0.980 0.96 >35.2 
10 0.98 0.98 0.945 0.91 $320 
12 0.968 0.968 0.925 0.865 $34.2 37.2 
1S 0.945 0.945 0.885 0.792 See ae - 
18 0.922 0.922 0.85 0.72 ; 








1} 


32 per cent nickel cylinders and bars is satisfactory for the purpose 
of extending these proposed methods of hardenability calculations. 


HARDENABILITY IN FINITE SECTIONS 


Fig. 6 shows the calculated rates of cooling (degrees Fahr. per 
second at 1300 degrees Fahr.) during oil quenching along the center 
section of a block measuring 1.5 inches by 2 inches by 3 inches. 
The quenching temperature was considered to be 1490 degrees Fahr. 





1944 COOLING RATES 29 


(810 degrees Cent.) while the temperature of the coolant was set 
at 76 degrees Fahr. (25 degrees Cent.). These rates were calcu- 
lated by means of Fig. 5 and the methods outlined previously and 
below. 

In Fig. 6, the rate of cooling of the point A is considered to 
be due to the heat flow at the point x/X = O in a 3-inch slab, the 
heat flow at the point y/Y — 0 in a 1.5-inch slab, and the heat flow 
at the point z/Z — 0 in a 2-inch slab. Similarly, the rate of cooling 








Fig. 6—Comparison of Computed and Experimental Hardness 
Contours in a 1.5 by 2 by 3 Inch Block. 


of the point I is considered to be due to the heat flow at the points 
x/X = 0.8 in a 3-inch slab, y/Y = 0.8 in a 1.5-inch slab, and z/Z 
= 0 in a 2-inch slab. The use of Fig. 5 yields the following re- 
duced temperature of the point A as a function of time: 


Point A 
Rate (Degrees Fahr. 
Per Sec.) at 1300 
Degrees Fahr. = 
3-Inch 1.5-Inch 2-Inch AU 
x/X =O y/Y=O0 2/Z=0 1410 X — 
t (sec.) Ux Uy Uz U At 
6 1.00 0.998 1.00 0.998 
s 1.00 0.99 1.00 0.99 > 5.6 
10 1.00 0.98 1.00 0.98 > 7.1 
12.5 1.00 0.963 0.99 0.953 > 15.2 
15 1.00 0.945 0.98 0.925 > 15.8 
18 1.00 0.92 0.968 0.89 > 16.5 
20 1.00 0.905 0.958 0.865 > 17.6 
25 0.995 0.86 0.93 0.795 > 19.8 
30 0.988 0.81 0.90 0.718 > 21.7 


A plot of U against time (t) yields 18.8 degrees Fahr. per 
second as the calculated rate of cooling of the point A past 1300 
degrees Fahr. (705 degrees Cent.). The calculated rates of cooling 
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of the other points shown in Fig. 6 are B — 23.8, C — 44, D — 
24.7, E — 30.0, F — 31.0, G — 50.8, H — 49.5, and I — 63.5 
degrees Fahr. per second past 1300 degrees Fahr. (705 degrees 
Cent.). 

A 3¥-inch bar sample of steel analyzing 


2 renee cn! . *, tanner eee eee 
C Mn Si P 5 Cr Ni 
0.93 1.66 0.31 0.015 0.006 0.15 0.04 


was machined into a block 1.5 by 2 x 3 inches, and also tested by 
means of the Jominy flat-end hardenability test*. The Jominy speci- 
men was heated to a temperature of 1490 degrees Fahr. (810 de- 
grees Cent.), soaked ten minutes at heat and then end-quenched in 
a standard Jominy fixture. The block was heated to 1490 degrees 
Fahr. (810 degrees Cent.), soaked ten minutes at heat, and then 
quenched into the oil bath used in the previous experiments. After 
hardening, the block was sectioned so that Rockwell hardness read- 
ings could be taken on the longitudinal midplane of dimensions 1.5 
by 3 inches. 

Using the rates of cooling (degrees Fahr. per second at 1300 
degrees Fahr.) on the Jominy specimen as recommended by the 
Society of Automotive Engineers, the following are the Rockwell 
hardnesses to be associated with the various rates of cooling for the 
steel in question: 


Degrees Fahr. Per Second at “C” Rockwell 
1300 Degrees Fahr. Hardness 
a tediakabhléuactebadeded bea dita over 62.5 
Da: San ebnwwdews aa bead 00 eeadieb ane 61.5 
tt ab waa Aedes Webbeweeduse eons a behos 58.5 
BE Bb eb dschnadelseks 66bs cane eae nee 55.0 
DD 6 sntcebeébidiess kecdaenedt ven tstabscanr 49.0 
i Gis dhtasea avn s O8éss doer awash 45.0 
i. an aaiieess tddane Renewed ds babes Benes 42.5 
iat.--eatichashdy aabiv's& nba bee eewdeinnas 38.0 


The rates of cooling shown in Fig. 6 were combined with the 
results of the Jominy hardenability test to obtain the Rockwell con- 
tours in the upper right quadrant of Fig. 6. The experimental Rock- 
well hardnesses are shown in the lower right quadrant of Fig. 6. 

In order to compare predicted rates of cooling obtained from 
Fig. 4, for water quenching with experimental data, a series of cylin- 
ders, 0.75 inch round by 1.5 inches, 0.75 inch round by 0.75 inch, 
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and 0.75 inch round by 0.625 inch were made from a 1-inch round 
bar of 1.10 per cent carbon tool steel of the following analysis: 


cer Per Cent ———— eee rn 
C Mn Si P S Cr Ni 
1.08 — 0.26 0.35 0.018 0.013 0.09 0.04 


The hardenability (Rockwell hardness as a function of rate of cool- 
ing at 1300 degrees Fahr.) of this steel was determined by oil quench- 
ing a cone-test hardenability specimen* from 1600 degrees Fahr. 
(865 degrees Cent.), reheated to 1450 degrees Fahr. (788 degrees 
Cent.), soaking ten minutes at heat and then brine quenching. The 
hardenability of the steel was as follows: 


Degrees Fahr. Per Second at “C”’ Rockwell 
1300 Degrees Fahr. Hardness 
ks vigie beak e Abe ens cate ROR Aree 41 
Ne ia ati nits aa. iin in yl gg ote Sama dated aoc 42 
RTS ncad/ck « SK as eR a es 45 
ike eds eanad acd Madmen teen se ceue 50 
Ninaits 6d avidin étevadletan saan eehes a 55 
Ed wk Wid 6.0: bake a ab ek ee a Oe 60 
itvdscl ueedeet blades bawe sk eanse eee ie 64 
Dine ds Cabwh ese PeR eb asda ise ba Camere 65 


The rates of cooling at 1300 degrees Fahr. (705 degrees Cent.) 
during water quenching were computed for the cylinders listed above 
using Fig. 4 and the methods outlined previously. These computed 
rates of cooling were then used in conjunction with the hardena- 
bility data above to obtain a predicted Rockwell contour at the cen- 
ter plane in these cylinders. 

The cylinders listed above were oil-treated at 1600 degrees Fahr. 
(865 degrees Cent.), followed by heating to 1450 degrees Fahr. (790 
degrees Cent.), soaking ten minutes at heat and then brine-quench- 
ing. The cylinders were packed in a 1-inch diameter pipe during the 
latter treatment to reproduce approximately the rate of heating of 
the cone-test specimen through the critical temperature range, since 
it has been shown® that the rate of heating of 1.10 per cent carbon 
tool steel through the critical temperature range influences the re- 
sulting hardenability. After the pipe and cylinders reached 1450 
degrees Fahr. (790 degrees Cent.), the cylinders were placed on the 
hearth of the furnace and soaked ten minutes at heat, followed by 
brine-quenching. The cylinders were then split at the center and 
Rockwell hardness contours obtained to compare with the computed 
contours. Fig. 7 shows the predicted and experimental Rockwell 


8C. B. Post, O. V. Greene, W. H. Fenstermacher, Transactions, American Society 
for Metals, Vol. 30, 1942, p. 1202. 
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contours in these cylinders. Considering the fact that the 0.75-inch 
round bar is close to the critical section for this steel, i.e., the size 
round which would just harden through to a Rockwell hardness of 
R, 55, the agreement between experimental and computed Rockwell 


contours in this size of cylinder is satisfactory for hardenability 
studies. 


8 


S 


S 





Rockwell 'C’ Haroness 
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Fig. 7—Comparison of Computed and Experimental Hardness Con- 
tours, 0.75-Inch Round Cylinders. 


CoNCLUSIONS 


1. Experimental center cooling rates (degrees Fahr. per second 
at 1300 degrees Fahr.) were determined for the oil quenching of 
cylinders and bars of variable length, and slabs when one side of 
the slab is steadily decreased until a bar is formed. These data show 
that the effect of the length of cylinders and bars on the center 
cooling rates at 1300 degrees Fahr. is negligible until the length be- 
comes almost equal to the radius or one of the cross section di- 
mensions. 

2. Methods are outlined for computing the rates of cooling 
throughout finite sections such as cylinders, bars and blocks. These 
methods are based upon the assumption that heat flow during quench- 
ing is normal to the surface at all points and proportional to the 
difference in temperature between the surface and coolant. By these 
methods, the temperature functions for finite sections can be obtained 
by simple combinations of the temperature function for cylinders of 
infinite length and slabs, for which excellent tables are available. 

3. Finally, the data obtained from the Jominy flat-end test* and 
cone-test specimen® for measuring the hardenability of steel in terms 
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of degrees Fahr. per second at 1300 degrees Fahr. (705 degrees 
Cent.) are combined with the computed rates of cooling (degrees 
Fahr. per second at 1300 degrees Fahr.) to predict Rockwell hardness 
contours in various finite sections. These methods have been ap- 
plied to several specific shapes and found to yield satisfactory esti- 
mates of hardenability in finite sections. 

4. An indirect conclusion of this work is that the rate of cool- 
ing past 1300 degrees Fahr. (705 degrees Cent.) is a workable 
criterion of the hardenability of steel. 
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APPENDIX | 
MATHEMATICAL ANALYSIS 


Referring to Fig. 3 consider a finite cylinder of radius R and 
length 2Z. Assume that the temperature gradient at the surface 
is normal at all points to the surface and proportional to the differ- 
ence in temperature between the surface and coolant. The complete 
boundary value problem for this case is as follows: 


Ot 


or’ r Or oz? 


oU 
(—) ORE sco cvedetdsnk ededsncsetceupeuunte (2) 
or r=R 


oU oU 
lie aie = = hU Maes (= ) = hU eevecese (3) 
Oz Bs+Z Oz See 


Ut=o = F(r,z) 








oU | FU 1 oU | 


T —T, 
where a equals the thermal diffusivity, U = T_T and h is 
e™™ +e 
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the so-called “severity of quench”. Letting the initial temperature 
of the cylinder be constant throughout at time t = O,i.e., Uroo= Ue, 
then the solution of the differential Eq. (1) and the boundary con- 
ditions (2) and (3) is 


co co 
eo 
U=; ail ie de pix Jo (Anr) cos (uiz) exp (— Axat) exp (— wat)... (5) 
where J, (Ayr) are Bessel functions of the first kind and zero order, 


and A, and »; must be chosen to satisfy the following equations ex- | 
pressing the boundary conditions (2) and (3): 


mR ‘Jo (AxR) 








pees by uke. ea aids whew le be wenndessesenéecewoeeté oe (6) 
hR Ja (Anr) 
miZ 
ere. ee ee ee ete oe bed de bawebee re ¢ eos (7) 
hZ 


Solutions of (6) and (7) are given in standard treatises on heat 
conduction. L 
At time t = O, Eg. (5) reduces to 


co CO | 
Uc= z = Dixcos (u1Z) Di GMD veideibs sda’ (8) 
Kk. I! woe 

r , 
For each fixed z-value between O and Z, this series is the Fourier- 
Bessel series of the function J, (A,xR) of the variable r, (O<r<R), 
provided the coefficients satisfy certain orthogonal relationships. 
Then, by well known methods, 


R 
coe 
Zz Ue. of ‘Je (Aur) dr 


i —1 Dix cos (wiz) = 2 
Ji® (vcr) 


2 ji (AcR ) 
( ) sa eS ae ade (9) 
MR Jo? (xR) + Ji? (eR) 


and finally, 


( 2 ) Ji (AeR) | 2 sin (u:Z) | 
Dn = I ee fee 
| AcR J J.? (AxR) + Ji? (AcR) (uiZ) + sin (uiZ) cos (uiZ) 


EEE thn dc tecia cn ma etnd nck eebsakeesess oehivsoekes ciate tan (10) 
®Gréber-Eck, “Die Grundgesetze der Warmiibertragung,” Berlin, J. Springer, 1933, 
51. 
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which yields the following approximate equation for the temperature 
of a point (r, z) inside a finite cylinder at time (t), 


The temperature function for a point distant r from the axis of 
an infinitely long cylinder is, 


8 


> 
Ur = &k—1Ak]~ (Ar) exp (— PUD  wcwaeebe caceubewee chanel (12) 
while the temperature function for a point distant z from the center 
of a slab of thickness 2Z is given by 


Mg 


Ua 3 — 1 Breas (pez) cep. (— wr7Ot) on ccc ccccccccccicccsccece (13) 


so that the approximate equation giving the temperature function U 


for a point (r, z) in a finite cylinder of radius R and length 2Z at 
the time t, is 


where Up and Uz are the temperature functions for the points r/R 
in an infinitely long cylinder and z/Z in a slab of thickness 2Z. 
Similarly, the boundary value problem of heat conduction for 
the quenching of an infinitely long bar of side dimensions 2X and 
2Y from a temperature T, into a coolant at temperature T, is given by: 


ou WU OU 








inké ins ncdhuosenesankiema nine sie (15) 
ot Ox’ Oy" 
OU OU 
ait ai = — hU; ( — =-—hU ..(16) 
Ox x X Ox os es 
oU oU 
z= (—) de cae (= ) =< —bU ..€17) 
y Jy Y Oy y oe 
U (xy) TR ED wince bakdes'e deus ob webiew ssh vaednwddee ceats (18) 





——— 
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The solution of the differential Eq. (15) and the two boundary 
conditions (16) and (17) is 


: 3 
U= ;~) , —)Cxsin (mix) sin (ney) exp {— @ (mi? + m’) t} 

co co 

2 2 


+ ; ~1;, —) Dixcos (mx) cos (my) exp {— @ (ms? + me*) t} . (19) 


where m, and ny must be chosen to satisfy the boundary conditions 


(16) and (17) or 





hX 
—— = — tan (miX) Sans “a (20) 
miX 
and 
nx Y 
nnd bbs k cen sdvebbatthiwad dbdesb oat ches (21) 
hY 


By a straightforward analysis similar to the previous discussion 
for the finite cylinder, it can be shown that the temperature function 
of the point (xy) at time (t) in an infinitely long bar of. side 
dimensions 2A and 2B can be obtained to a first approximation by 

U = Uz Uy 


In Eq. (22) U, and U, are defined to be the reduced temperatures at 
time (t) due to the quenching of two slabs of thickness, 2X and 2Y 
respectively. 

Generalizing Eq. (22) to include the case of a three-dimensional 
solid block, we may write 


ERE. hs avediusend 4th c2Keeeeseehites & speedos ehemeeed (23) 

All of the above solutions make explicit use of the temperature 
functions for a cylinder of radius R, and infinite length (UR) and 
slabs of thickness 2X, (U,, Uy and U,). Figs. 4 and 5 show the 
temperature functions for infinitely long cylinders and slabs for 
two quenches, i.e., brine (h = 10) and oil (h = 1). 


APPENDIx II 


DETERMINATION OF “SEVERITY OF QUENCH” By RATES OF 
CooLING AND RocKWELL HARDNEss 


Fig. 8 shows the center cooling velocities (degrees Fahr. per 
second at 1300 degrees Fahr.) for cylinders and slabs of various 
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sizes when the quenching temperature is taken to be 1500 degrees 
Fahr. (810 degrees Cent.) and the temperature of the quenching 
medium is 77 degrees Fahr. (25 degrees Cent.). Fig. 8 was con- 
structed by means of the tables of Russell.” 

To apply Fig. 8 to the determination of severity of quench, it 
is convenient to select a given lot of steel and determine its harden- 
ability by means of the Jominy flat-end test* for the deeper harden- 
ing grades of steel, or the cone hardenability test* for shallow harden- 
ing steels. Either of these tests will evaluate the Rockwell hardness 


Diameter 
S 


S 


Quench Temp: 810°C (1500%) 
Cooling -0- :25C:(78%) 





8 





2 34 6810 2 
Center Cooling Rate, F/Sec at 1300 F 


Fig. 8—Center Cooling Rates (Degrees Fahr. Per Second at 1300 
Degrees Fahr.) in Cylinders and Slabs as a Function of Severity of 
Quench. 


of the steel as a function of the rate of cooling (degrees Fahr. per 
second) past 1300 degrees Fahr. (705 degrees Cent.). 

If one or more cylinders or slabs of the steel are hardened from 
the same temperature as the hardenability test, sectioned, and the 
center Rockwell hardness determined, a comparison of the center 
hardness with the hardenability test data will enable the center 
cooling rate (degrees Fahr. per second) past 1300 degrees Fahr. 
(705 degrees Cent.) to be determined for these cylinders or slabs. 
It is assumed that the length of the cylinder is about three times 
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the diameter and the breadth and length of the slab is about four 
times the thickness. 

If the hardenability test and the cylinders or slabs have all been 
hardened from 1500 degrees Fahr. (810 degrees Cent.), using identi- 
cal heating cycles, soaking at temperature the same length of time, 
then Fig. 8 may be used to determine the severity of quench used in 
these experiments. This is done by comparing the center rates of 


cooling obtained for the various sized round bars with the data 
shown in Fig. 8.7° 


DISCUSSION 


Written Discussion: By Morse Hill, assistant metallurgist, Materials 
Laboratory, Engineering Division, Materiel Command, Army Air Forces, 
Wright Field, Dayton, Ohio. 

The authors have shown a most able derivation and interpretation of 
cooling in combined shapes. It is most profitable to compare their derivation 
with that of Newman (Reference 275 of McAdams’ “‘Heat Transmission’). 

Their verification of the derivation by experiment is good to have. It is 
possible that if we knew how to allow for the probable inaccuracy of the 
assumptions made in cooling derivations the results would be even closer. The 
quantity h of the authors’ equation 16 is a heat transfer coefficient of the sort 
with which chemical engineers have long been dealing, even though it varies 
with time. Since it is affected by changes in liquid properties at the interface, 
and these properties must change during cooling, it cannot be expected that 
h will be a constant in practice. Further, since h is also a function of the 
diameter of the specimen it is not reasonable to expect the identical severity 
of quench for all sizes in a single medium. 

The information which the authors have presented in Figs. 4 and 5 may 
also be presented in other ways. For instance by using a logarithmic scale 
for U and a linear scale for time, cooling curves are obtained which are easy 
to interpolate for intermediate severities of quench. Likewise for other sorts 
of interpolation plots other than time temperature are useful. 


Oral Discussion 


M. A. GrossMANN >” It seems to me that there might well be some ques- 
tion about the criterion of the cooling rate at 1300 degrees Fabr. (705 de- 
grees Cent.) because, as Mr. Post remarked, there have been numerous con- 
troversies and discussions about a good criterion. It seems to me, too, that 
the criterion of cooling rate at 1300 degrees Fahr. (705 degrees Cent.) has 


It is to be noted that Fig. 8 is strictly valid only when the geenening temperature 
of the rounds or slabs is 1500 degrees Fahr. (810 degrees Cent.). 
ing temperature, a new chart can be drawn up similar to Fig. 8. 


MUDirector of research, Carnegie-Illinois Steel Corp., Chicago, 


or any other quench 
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something to be said in its favor even though we ourselves did use a different 
criterion. Most of the argument as to whether a cooling rate at 1300 de- 
grees Fahr. (705 degrees Cent.) is a good criterion revolves around the fact, 
that the most rapid rate of pearlite formation is around 1100 to 1000 degrees 
Fahr. (595 to 540 degrees Cent.) and not 1300 degrees Fahr. (705 degrees 
Cent.). But one must take into account the fact that the 1300 degrees Fahr. 
(705 degrees Cent.) cooling criterion does correlate rather well with actual 
data. 

Possibly that is not as much of a discrepancy as might appear on the 
surface because if one quenches from say 1500 degrees Fahr. (815 degrees 
Cent.), into a medium at low temperature and takes the cooling rate at 1300 
degrees Fahr. (705 degrees Cent.), that cooling rate does pretty well represent 
the cooling rate over the range 1300 to 1100 degrees Fahr. (705 to 595 de- 
grees Cent.). It is well known that in addition to the time for actual forma- 
tion of pearlite at 1100 degrees Fahr. (595 degrees Cent.), there is also in 
isothermal transformation certainly, and presumably in quenching, a necessary 
incubation period, and perhaps the necessary explanation as to why the 1300 
degrees Fahr. (705 degrees Cent.) cooling rate is good even though pearlite 
forms at 1100 degrees Fahr. (595 degrees Cent.) is that the cooling rate over 
this range includes both incubation and pearlite formation, that that cooling 
rate does cover the total period that we are interested in, which would be 1300 
to 1100 degrees Fahr. (705 to 595 degrees Cent.) and not merely 1300 degrees 
Fahr. (705 degrees Cent.) alone or 1100 degrees Fahr. (595 degrees Cent.) 
alone. 

[. S. Rerp:” I was greatly interested in quenching and hardenability. Ordi- 
narily when quenching in oil the part or parts are quenched in oil circulated by 
a pump through a cooling system. Now you have certain cooling curves using 
this method. I used to do this with an aeroplane cylinder. We obtained physi- 
cal properties much lower than when we put this same quench under pressure 
of 50 pounds with a pump capacity of 200 gallons per minute. Will the cooling 
curve be the same? 


--Before Pressure Quench—, After Pressure Quench 

Steel No. 1* Steel No. 27 Steel No. 1* Steel No. 27 
Elastic Limit, psi. 101,000 105,000 135,000 136,000 
Max. Stress, psi. 109,600 117,700 151,000 151,500 
Elongation in 2 inches, per cent 3.1 5.5 10.2 8.6 
Reduction of Area, per cent 3.5 7.8 15.2 15.2 
Brinell at 2000 Kg. 296 296 296 296 


*S.A.E. 4140 with the following composition: carbon 0.42, manganese 0.73, chromium 
0.97, molybdenum 0.23. 


7S.A.E. 4140 with the following composition: carbon 0.42, manganese 0.75, chromium 
0.96, molybdenum 0.23. 


Authors’ Reply 


The comments by Mr. Hill are appreciated. There is not much that we 
can add to Mr. Hill’s remarks except to state that we have tried to give as 
clear a derivation of these equations as is possible in this limited space without 


“Superintendent of Heat Treat, Ford Motor Co., Windsor, Canada. 








| 
: 
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becoming involved in highly technical mathematical details which might have 
the questionable advantage of making the derivations shorter. 

Grossmann’s discussion of the various criteria of hardenability is much 
valued because of the work which he has done in this particular field. It is 
the authors’ viewpoint, however, that all the parameters specifying hardenability 
which have been proposed are artificial and the only justification for preferring 
one over the other is according to the agreement shown between predicted cool- 
ing rates and that actually determined in steel sections. By this we mean to 
say that in the case of round bars it is obvious that the rate of cooling past 
1300 degrees Fahr. (705 degrees Cent.) is related in some manner to the rate 
at 1000 degrees Fahr. (540 degrees Cent.), or, if one prefers, even at 800 
degrees Fahr. (425 degrees Cent.). When heat equations are set up for express- 
ing the heat transfer during the quenching of round bars, it will be found that 
if the necessary parameters such as the thermal diffusivity and severity of quench 
are chosen to make a cooling curve at the center of the bar agree with experi 
mental determinations, then the parameters must be readjusted in order to make 
theoretical cooling curves agree exactly with the experimentally determined 
rates near the surface for any one of these temperatures. The less the readjust 
ment necessary to bring theoretical and calculated cooling rates into agreement 
throughout the section, the better the selected criterion of hardenability. 

Our principal tool used at the present time for studying hardenability is a 
measure of the hardness developed, and by and Jarge the Rockwell machine is 
not too accurate for making a fine choice between these various criteria of 
hardenability. In the absence of critically designed experiments to indicate the 
correct criteria to be used in studying hardenability, we prefer to treat the 
methods developed by Howard Scott, H. J. French, Grossmann and ourselves, as 
workable tools for the extrapolation and prediction of hardness contours in round 
bars, slabs and various finite sections from limited data. Essentially Grossmann 
and we are adjusting certain parameters in the classical heat conduction equa- 
tions so that reasonable agreement is reached between theoretical and actually 
determined Rockwell contours in various sections. Grossmann has consistently 
used the one-half temperature time as his criteria, whereas we have just shown 
that the rate of cooling past 1300 degrees Fahr. (705 degrees Cent.) yields the 
same order of agreement. Grossmann’s and our first thought in all of this 
work has been to provide methods whereby if the hardenability of the steel is 
known in terms of an assumed parameter or criterion of hardenability, then the 
classical heat equations (together with adjusted values of thermal diffusivity, 
severity of quench, etc.) can be used to extrapolate limited data to predict the 
so-called hardenability of steel in various sections. To read into these harden- 
ability studies anything else is an error. 

As to Mr. Reid’s question concerning the high-pressure quenching of parts 
in oil, we feel that he is working with a phenomena which is very incompletely 
understood at the present time. When the question was put to us orally at the 
convention we did not have time to give it the proper consideration. It appears 
that in oil quenching a film forms next to the piece which for all intents and 
purposes determines all of the characteristics of the oil quench, i.e., a milder 
severity of quench, small distortion, etc. If the specimen is now agitated so 
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that turbulent areas are set up in the neighborhood of the corners, etc., it will 
be found that the severity of quench will be impeded and that the oil is not 
exercising its full quenching powers because of the formation of these turbulent 
areas. This leads at once to the common practice of limiting agitation in oil 
to a slow figure-of-eight motion. If, however, submerged oil sprays are used 
such that the oil stream is impinged almost normally on specimen surfaces, and 
if high enough pressures are used, the facts from several sources seem to indi- 
cate that this film is broken and higher severity of quenches are obtained. This 
is nicely illustrated by the physical properties shown by Mr. Reid in his dis- 
cussion. Unfortunately Mr. Reid did not give too much information on this 
data but if the aircraft cylinders are drawn down to a hardness of 296 Brinell 
as shown in the two cases, then the physical properties shown are understand- 
able because this illustrates the fact that higher physical properties can be 
obtained with a completely quenched structure than with a mixed structure 
when both are drawn back to the same Brinell hardness. We do not believe 


the charts shown in Fig. 5 would apply to this type of submerged high-pressure 
oil-quenching. 
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AN EVALUATION OF QUENCHING OILS 


By E. K. Sprinc, P. T. LANSDALE AND C. W. ALEXANDER 


Abstract 


A study was made of the quenching rates and physical 
properties of various commercial quenching oils. 

The data here presented indicate: (a) There are negq- 
ligible differences in the quenching rates of new and used 
oils. (b) There is an optimum oil temperature to produce 
the maximum cooling rates at the nose of the “S-curve.” 
Oil temperatures above or below this optimum tempera- 
ture retard the cooling rate in this important temperature 
range. Warm oil has the desirable effect of giving slower 
cooling rates in the region of the martensitic transforma- 
tion. (c) Similar quenching rates are exhibited by oils of 
mineral and animal origin. (d) The slight differences 
in the quenching rates of “light” and “heavy” oils can be 
compensated for by adjusting the oil temperature. (e) 
The greatest variation in quenching rates developed by 
the oils tested is but a minor factor in terms of steel hard- 
enability. 

Since it has been shown that all oils are metallurgi- 
cally equal the selection of a quenching oil should be pri- 
marily controlled by the consideration of two factors: (A) 
a “flash and fire point” sufficiently high to prevent undue 
danger from fires and (B) the cost per pound of steel 
quenched under normal operating conditions. 


N considering the use of oils, or other liquids, for the quenching 
of steel it is necessary that certain basic facts be considered. We 
have attempted to establish these facts experimentally and provide 
a sound basis for the evaluation of quenching oils. With this infor- 
mation it is expected a more intelligent selection of oils for the 
quenching of steels can be made. 
The oils were chosen for examination to represent those most 
commonly used for the quenching of steel. Among these oils are 
represented some based on animal oils, some based on mineral oils 


without special preparation for the purpose, others are mineral oils 





A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. Of the authors, E. K. Spring is 
chief metallurgist, P. T. Lansdale is assistant metallurgist and C. W. Alex- 
ander is chief metallurgical inspector, Henry Disston & Sons, Inc., Tacony, 
Philadelphia. Manuscript received May 20, 1943. 
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specially prepared for use in quenching. It is felt the choice made 
covers the field and provides a sufficiently wide representation to 
include all types to be met with in practice. 

As a first step in distinguishing between the oils, the physical 
data commonly used in grouping oils was taken. In addition, evapo- 
ration losses at different temperatures were determined. These data 
are recorded in Table I. 

The oils were tested both as received and after considerable 
quenching had been carried out in them; to determine what and how 
much change in quenching capacity had taken place with use. 

Flash and fire characteristics are important mainly from a safety 
standpoint. Specific gravity and viscosity are relatively unimportant 
in themselves. However, certain quenching characteristics can be 
connected with viscosity since the more viscous oils have a higher 
drag-out loss than the more fluid oils. Experience has shown that 
evaporation characteritsics of quenching oils have some bearing on 
their life if not on their performance. 

The various oils were evaluated by plotting time vs. temperature 
curves for the quenching of a standard block of 18-8 stainless steel 
into the oils being studied. It was chosen to avoid the heat effects 
of critical transformations. The block was 4% inch round by 1% 
inch long with a ;%-inch hole drilled in from one end to a depth 
of 34 inch to contain a 20-gage chromel-alumel thermocouple. An 8- 
inch long, %4-inch I.D. pipe was threaded into the end of the block 
to prevent direct contact between the thermocouple and the quenching 
medium. A yoke was arranged to hold the couple in intimate contact 
with the bottom of the hole. The temperature of the specimen was 
indicated by a Leeds & Northrup mirror galvanometer and was re- 
corded by projecting a pencil of light from the galvanometer mirror 
to a piece of photographic paper mounted on a drum revolving at a 
constant speed of one revolution per minute. A typical photographic 
record produced with this apparatus is shown in Fig. 1. The sensitiv- 
ity and response of the galvanometer is such that the apparatus is 
capable of following temperature changes of the order of 500 degrees 
Fahr. per second. The size of the specimen was chosen to give 
quenching rates under 100 degrees Fahr. per second maximum to 
assure being within the limits of the galvanometer. The volume of 
oil used in each experiment was approximately four gallons. This 
was sufficient to prevent any great change in oil temperature resulting 
from the introduction of the hot specimen. 
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The information obtained with this apparatus was analyzed and 
replotted to give time versus temperature curves for the several oils 
under various conditions. This was done to make them more under- 
standable and directly comparable with other curves obtained in the 
same manner. All oils were tested at a series of initial temperatures. 
It was decided in advance that these would be 80, 130, 220, 300, and 
450 degrees Fahr. as nearly as possible. In some cases all five tem- 





Fig. 1—A Typical Photographic Record Produced with this Apparatus. 


peratures were employed, in others the low temperatures only were 
used. The limits were determined by the flash and fire character- 
istics of the oils in question. From the information on time versus 
temperature, data on quenching rates were calculated and temper- 
ature versus rate curves were plotted. 

Since all of the curves are not reproduced, the basic information 
from which they were plotted is given in tabular form. Table II is 
the time versus temperature data and Table III is the temperature 
versus rate data. In these tabulations the actual oil temperature at 
which a test was conducted is given at the head of its appropriate 
column. A typical illustration of time versus temperature curves for 
an oil shown in Table II appears in Fig. 2. A similar illustration of 
temperature versus rate curve based on an oil in Table III appears 
in Fig. 3. 

Fig. 3 is a plot of instantaneous cooling rate versus temperature 
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Table I! 
Time Versus Temperature Data 
——Oil A — New— i| ———Oil A — Used- i|— Oil B — New-——— 
130°F. 216°F. || 79°F. 132°F. 220°F. || 82°F. 132°F. 220°F. 295°F. 
1550 1550 || 1550 1550 1550 } i550 1550 1550 1550 
1550 1550 ] 1550 1550 1550 || 1550 1550 1550 1550 
1550 1550 || 1533 1550 1550 } 1546 1550 1540 1541 
1533 1533 | 1525 1539 1514 || 1537 1550 1532 1532 
1506 1516 || 1499 1527 1496 || 1519 1534 1523 1513 
1480 1483 1483 1511 1470 1502 1517 1514 1495 
1445 1449 1466 1488 1442 || 1466 1501 1487 1477 
1410 1415 1449 1465 1405 || 1413 1485 1470 1440 
1384 1364 || 1415 1441 1397 || 1368 1452 1442 1422 
1349 1297 || 1381 1409 1351 } 1306 1420 1405 1367 
1322 1230 || 1348 1371 1315 || 1243 1403 1369 1331 
1252 1162 1297 1309 1260 1163 1338 1296 1257 
1190 1095 1230 1254 1206 1110 1289 1242 1202 
1129 1010 1178 1207 1152 || 1039 1240 1170 1166 
1077 976 1128 1100 1097 || 975 1192 1115 1093 
1032 930 1076 1113 1041 || 938 1130 1080 1065 
927 840 970 1020 947 842 1030 970 946 
840 768 896, 935 860 767 951 880 873 
761 705 || 824 865 788 698 878 807 800 
699 653 || 763 802 735 638 816 771 745 
638 608 | 711 748 673 | 588 758 717 681 
577 565 || 663 702 635 || 541 710 664 635 
507 495 || 597 620 555 || 465 625 590 553 
445 448 || 508 553 493 || 402 558 530 490 
393 408 452 507 445 || 349 507 465 443 
358 375 408 463 410 || 307 460 420 418 
322 350 || 366 430 390 278 422 375 380 
262 309 || 301 373 335 240 361 320 343 
227 274 || 248 320 300 || 320 285 307 
200 253 || 218 288 286 || 291 275 289 
174 238 || 195 245 280 264 250 280 
155 220 || 177 226 257 || 248 230 270 
142 iss || 214 250 | 225 270 
130 138 || 210 230 | 
———Oil B — Used —_—|| —-_— il C — New 
130°F. 220°F. 88°F. 128 °F. 221 °F. °F. 450°F. 
1550 1550 1550 1550 1550 1550 1550 
1550 1550 1550 1550 1550 1550 1543 
1550 1550 1542 1535 1534 1525 1535 
1541 1533 1534 1511 1511 1499 1520 
1524 1515 1509 1472 1459 1465 1481 
1515 1468 1484 1433 1409 1379 1443 
1480 1429 1459 1393 1360 1319 1405 
1463 1394 | 1421 1338 1318 1285 1359 
1428 1360 1384 1291 1277 1242 1313 
1393 1325 || 1342 1236 1235 1207 1275 
1358 1290 || 1300 1189 1186 1165 1229 
1306 1204 | 1209 1110 1102 1105 1160 
1244 1152 1142 1047 1053 1045 1100 
1182 1100 | 1084 985 1003 1002 1038 
1130 1035 || 1026 945 970 960 992 
1088 985 | 976 898 937 925 954 
995 890 | 884 828 870 865 870 
908 800 800 765 805 797 793 
831 732 || 734 710 747 762 747 
763 682 || 685 662 697 710 702 
708 640 ‘|| 634 616 655 667 680 
660 603 || 584 585 615 642 650 
572 538 | 510 515 558 600 602 
508 490 || 453 460 508 530 565 
453 449 | 403 420 465 496 542 
409 413 || 361 375 425 470 512 
369 381 320 340 400 438 495 
308 333 270 287 360 402 475 
263 295 | 228 250 315 370 450 
232 270 | 195 215 290 350 436 
209 255 | 170 177 275 335 420 
188 240 «(|| 145 170 260 318 
171 228 130 240 300 
155 | 225 300 
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Table Il (Continued) 
Time Versus Temperature Data 
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Time ————— —Oil C — Used ————_—_—_—__— 


















































——_—-—_—(}ii D — New — 
Sec. 83°F. 132°F. 221°F. 300°F. 450°F. 84°F. 132°F. 218°F.  300°F. 
0 1550 1550 1550 1550 1550 || 1550 1550 1550 1550 
1 1550 1542 1550 1550 i550 | 1550 1550 1550 1541 
2 15850 1533 1550 1542 1550 1550 1541 1532 1532 
d er ee ee 1510 || 1540 1532 1505 1523 
' 4 1533 1517 1499 1462 1470 || 1531 1523 1479 1514 
5 1499 1491 1483 1406 1413. || ‘1511 1514 1443 1506 
6 1482 1466 1449 1358 1365 || 1491 1497 1407 1488 
7 1445 1433 1415 1310 1317 || 1482 1479 1399 1470 
8 1396 1399 1381 1261 1261 1462 1461 1353 1452 
9 1345 1366 1364 1205 1213 1442 1443 1318 1434 
10 1297 1332 1330 1157 1164 || 1423 1416 1282 1407 
12 1208 1282 1264 1092 1100 || 1374 1363 1210 1363 
14 1140 1231 1229 1037 1035 || 1315 1302 1120 1310 
16 1100 1181 1178 988 987 1266 1220 1030 1247 
18 1030 1139 1128 940 955 ! 1217 1166 960 1194 
20 970 1097 1076 908 923 || 1158 1113 905 1140 
25 885 980 993 844 842 || 1050 997 825 1015 
30 808 904 925 788 793 || 952 908 780 926 
35 745 828 856 740 746 863 818 710 838 
40 710 762 805 700 713 || = 785 748 655 766 
45 660 703 700 667 682 727 675 620 704 
. 50 628 652 695 635 657 || 667 622 585 650 
; 60 560 560 637 588 617. || $70 520 510 570 
70 500 500 603 540 577 || 492 443 475 510 
so 48 «2 547 510 553 423 380 430 447 
: 90 415 400 501 477 530 || 355 336 405 420 
100 377 357 451 450 515 305 300 375 392 
120 312 290 391 410 490 || 237 246 328 349 
140 263 248 350 380 467 || 187 212 292 322 
160 230 206 310 365 458 || 169 185 270 304 
180 208 186 281 350 450 || 130 166 252 300 
| 200 190 165 268 332 440 || 100 157 240 295 
220 172 147 259 315 433 100 150 222 291 
240 150 140 250 300 425 1 100 140 208 288 
Time —Oil D — Used——— || —___——_—__1 E — New—__——_—_ — 
Sec. 82°F. 131°F. 225°F. || 82°F. 132°F. 220°F. 296°F. 440°F. 
q SS ea a | sespesepesreussdemnannseseananertanesannnncsineransnennaitiinessieiacemmneeatite —_ 
0 1550 1550 1550 || 1550 1550 1550 1550 1550 
1 1550 1550 1550 || 1550 1550 1542 1550 1526 
; 2 1550 1541 1550 || 1550 1542 1519 1535 1502 
‘ 3 1533 1533 1550 || 1533 1531 1479 1511 1470 
; 4 1524 1515 1532 || 1516 1510 1440 1472 1430 
‘ 5 1498 1498 1523 || 1499 1486 1385 1425 1390 
4 6 1481 1490 1505 ] 1482 1423 1330 1378 1334 
: 7 1447 1446 1477 || 1456 1375 1290 1292 1286 
8 1412 1411 1459 || 1430 1327 1250 1253 1246 
i 9 1377 1376 1423 || 1396 1287 1211 1206 1206 
10 1325 1346 1368 1353 1239 1171 1175 1166 
j 12 1222 1289 1295 | 1250 1160 1118 1105 1102 
14 1152 1237 1204 || 1130 1097 1045 1050 1030 
16 1083 1167 1131 || 1062 1057 1000 1003 974 
5 18 1048 1100 1076 || 993 992 958 972 942 
20 995 1070 1022 || 950 953 920 937 910 
25 891 980 912 || 838 865 857 858 854 
30 815 892 = f° te 793 785 800 798 
35 755 815 752 || 702 738 745 753 758 
40 685 753 694 || 660 682 690 707 718 
45 625 702 643 | 617 635 650 667 686 
50 580 655 600 | 574 595 612 628 662 
60 510 572 528 | 505 525 550 573 614 
70 445 512 475 || 452 460 492 520 582 
80 400 452 433 | 400 414 450 488 542 
90 360 410 390 || 368 375 425 456 518 
100 320 370 360 | 352 340 382 425 502 
120 250 313 330 | 282 295 335 378 470 
140 200 263 305 250 254 304 347 455 
160 168 230 280 || 230 222 270 330 438 
180 135 212 260 | 196 200 257 315 430 
200 115 195 246 || 180 175 245 
220 105 174 228 162 163 232 
240 100 145 || 145 150 225 











| 
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Table II (Continued) 
Time Versus Temperature Data 











Time Ol F — Vet— |] ———c'G — New || ou H — New— 
Sec. 81°F. 128°F. 220°F. 78°F.  132°F. 220°F. || 80°F. 132 °F. 

0 41550 1550 1550 1550 1550 1550 1550 1550 
1 1550 1550 1550 1550 1550 1550 1550 1550 
2 1550 1550 1550 1550 1550 1550 || 1550 1532 
3 1541 1550 1533 1533 1516 1533 1541 1523 
4 1532 1533 1517 || 1515 1499 1516 1528 1497 
5 1514 1517 1484 || 1498 1466 1483 1515 1479 
6 1497 1483 1467 1468 1415 1450 || 1497 1443 
7 1479 1477 1434 1429 1364 1400 1479 1417 
8 1443 1433 1401 1394 1330 1350 1462 1390 
9 1408 1400 1368 1360 1297 1283 | 1444 1354 
10 ©1372 1370 1334 1325 1263 1250 || 1426 1337 
12 1301 1300 1268 1274 1195 1182 || 1382 1249 
14-1212 1250 1201 || 1204 1145 1133 1338 1194 
16 1140 1199 1150 || 1152 1110 1083 1276 1070 
18 1070 1130 1090 || ° 1100 1035 1033 1213 926 
20 ~=—«- 1015 1085 1065 1052 1001 990 1143 785 
25 910 987 980 949 911 900 1010 605 
30 820 907 900 858 833 832. || ~—-905 555 
35 748 833 828 771 766 769 «|| 807 520 
40 690 772 767 705 707 715 | 718 480 
45 647 719 711 || 649 652 669 647 465 
50 609 669 662 || 600 606 627 | a 450 
60 544 580 578 517 518 550 || 483 395 
70 490 505 $10 || 446 454 490 || 418 360 
80 441 447 460 || 392 407 431 || 346 340 
90 402 404 422 || 349 366 387 ‘|| = 301 290 
100 368 366 391 313 328 350 || 267 270 
120 310 314 340 || 250 268 305 204 225 
140 263 270 308 || 208 212 271 «|| «=O «169 198 
160 230 239 280 || 184 190 250 || 142 180 
180 202 212 257 || 157 160 239 116 160 
200 181 192 232 || 130 144 227 98 155 
220 162 170 220 || 107 133 21s | 90 150 


240 145 148 || 100 130 





and is typical of all oils examined. The curves on Fig. 3 show cool- 
ing rates of an oil when the initial temperature of the quenching bath 
is varied. It is evident that as the initial temperature of the oil bath 
is increased the rate at which heat is removed from the steel at the 
nose of the S-curve first increases, then decreases with further eleva- 
tion of the initial of temperature. The rates of heat removal at lower 
points on the several cooling curves approach one another though 
they are never identical. In the neighborhood of the martensite 
change the rates of heat removal are inversely proportional to the 
initial oil temperature. 

Consideration of the mechanical behavior of oil will explain this 
seeming anomaly, i.e. that as an oil is warmed up it will remove heat 
from a hot body immersed in it faster than when it is cold. As the 
oil is warmed up it becomes more fluid and is capable of flowing more 
readily. The oil immediately adjacent to the steel being quenched is 
heated and tends to rise through the oil bath and can do so more 
readily when the entire body of oil is warm and of low viscosity. 
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The greater fluidity of the warm oil permits thermal currents to form 
and flow more readily. A large part of the heat removed from the 
body being quenched results from these thermal currents. Con- 
duction of heat is dependent on the difference in temperature between 
the body being cooled and the coolant. When the steel passes the 
nose of the S-curve, temperature differences, steel to oil, are great 


: 





Jemperatureé, °F 





| Ol ep. 881¢ PS 
200 | | a 
Time, Seconas 200 250 


Fig. 2—Typical Time Versus Temperature Curves for an Oil in Table II. 





and increases in oil temperature of as much as 100 degrees Fahr. 
retard the flow of heat but slightly. Hence we can conclude that the 
higher rate of heat removal accomplished by warm oil at the nose of 
the S-curve is attributable to greater ease of forming convection cur- 
rents. With further increase in temperature of the coolant a reversal 
takes place and the rate of heat removal decreases with further warm- 
ing up of the oil. At some stage the oil temperature is sufficiently 
high so that conversion of the oil to vapor gives sufficient blanketing 
effect to offset the further flow of heat into the warmed oil. In other 
words, there is a critical temperature where the behavior of the oil 
changes. 

The above conditions do not apply when cooling through the 
martensite forming region. Here the cool oil is slightly faster than 
the warm oil. However, it is necessary to miss the nose of the S- 
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Table III 
Temperature Versus Rate Data 
fess. | ~—-—=-~.-..ff A — Neg————--— ] ool A — Used 
°F. 80°F. 130°F. 216°F. || 79°F. 132°F. 220°F. 
1500 28.3 40.0 29.0 22.0 18.7 31.9 
1400 45.5 35.2 48.5 27.6 26.9 31.7 
1300 41.8 32.4 53.2 28.7 29.6 30.3 
1200 32.8 29.5 43.3 28.1 26.7 27.7 
1100 26.3 26.2 32.2 25.4 20.2 24.2 
1000 22.2 22.6 24.8 | 20.5 15.5 20.8 
900 17.8 18.9 19.3 | 15.3 12.6 17.1 
800 15.4 15.4 14.8 11.8 10.2 13.5 
700 12.2 12.5 11.3 ae 8.3 10.3 
600 9.0 10.0 8.3 Se 6.4 7.8 
500 6.3 7.8 S.7 ee 4.6 5.5 
400 4.3 5.8 3.6 4.4 2.8 3.3 
300 2.6 3.7 1.8 | 3.1 1.0 1.0 
200 1.3 1.7 ek 
100 1 
Temp. ————_——Oil B — New————_ — | —Oil B — Used — 
°F. 82°F. 132°F. 220 °F. 295 °F. 80°F. 130°F. 220°F. 
1500 | 23.8 19.4 18.6 23.8 ,) a 25.8 33.5 
1400 59.2 29.0 28.6 ae. 2 ae 31.3 43.2 
1300 50.0 26.6 37.2 37.2 38.3 30.1 38.3 
1200 40.0 23.4 31.8 32.1 31.5 25.3 31.3 
1100 31.9 20.2 23.8 25.1 26.8 21.2 26.8 
1000 24.0 16.9 19.4 19.7 21.7 17.9 22.7 
900 19.0 14.1 15.3 15.8 17.0 15.2 18.6 
800 15.6 11.5 12.0 12.9 13.2 12.8 14.0 
700 12.8 9.1 9.2 10.5 | 10.2 10.7 10.2 
600 10.3 7.1 7.1 8.3 | 8.1 8.6 7.1 
500 8.0 5.2 5.2 6.0 6.3 6.5 4.8 
400 5.7 3.3 3.6 Se = 4.7 4.7 3.1 
300 3.3 1.5 2.1 1.2 || 3.1 3.1 1.7 
200 $.7 cet 
100 
; — a a 
Temp. | ——_————o1 C — New € 0a C — Vat——————— 
°F. | 88°F. 128°F. 221°F. 300°F. 450°F. || 83°F. 132°F. 221°F. °F, 450°F. 
if SS ee ee 
. 1500 | 27.9 38.1 39.4 38.0 39.2 29.6 20.7 2.0 3.5 35.5 
1400 | 41.0 55.0 66.8 53.0 51.3 | 53.4 32.0 30.4 51.4 35.0 
1300 | 43.2 61.3 S3.S $8.8 45.0 || 45.8 26.4 27.4 580.4 57.2 
1200 | 39.3 49.0 37.5 46.0 33.6 || 33.1 22.9 23.5 43.5 40.0 
1100 | 27.9 34.4 27.2 28.0 25.5 || 27.4 20.5 20.1 28.0 28.8 
1000 | 22.2 24.3 19.8 19.4 20.0 22.8 18.1 16.7 20.5 20.5 
900 | 17.8 17.5 14.5 13.8 15.3 ss 2s ee 883 
800 | 14.5 13.2 10.7 10.2 11.0 12.1 13.3 10.2 10.0 9.8 
700 | 11.4 10.0 8.0 7.2 7.1 8.8 10.9 7.6 7.0 6.0 
600 it ee 5.2 4.2 6.3 8.4 5.6 4.8 3.4 
500 28 £9 3.5 1.8 4.3 6.2 3.9 3.1 1.8 
400 46 42 2.7 2.1 2.7 4.3 2.6 2.0 1.3 
300 — as” $9 1.0 | 4.2 2.8 1.5 1.2 
200 2.0 1.6 | 1.6 
100 1] 
curve before hardening can be accomplished. Having accomplished 
: 


this we can afford a slowing up in the neighborhood of the martensite 
change. Actually this condition is desirable since the reactions taking 
place within the steel will be less violent. This is illustrated by per- 
formance with certain intricate dies, which must many times be 
quenched in warm oil to avoid the danger of cracking. 

In spite of the fact that warm oil is used, the same high 
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hardness is obtained as on pieces quenched in cooler oil. 


Fig. 4 is a selection of temperature versus rate data taken on the 


oils under consideration at temperatures such as appeared to give the 


most 


nearly uniform performance throughout the entire group. 
Consideration of Fig. 4 indicates that while instantaneous rates 


for various oils, in the neighborhood of the S-curve nose, vary to some 


extent, rates in the area of the martensitic transformation are ex- 








52 TRANSACTIONS OF THE A. S. M. Vol. 33 


tremely close. Since the rates of cool, at the higher temperature, of 
all of the oils are sufficient to miss the S-curve nose of those steels 
normally hardened in oil, variations in rate in this region are not im- 
portant. Since rates of cool, at the martensite transformation range, 
are for all purposes identical we can again conclude there are no sig- 
nificant differences in the oils examined. 

Fig. 5 compares the cooling rates of several oils at the same 
initial oil temperature. Here we find a condition parallel to that 
found in Fig. 4. A difference in rate of cooling in the temperature 
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Fig. 3—Typical Temperature Versus Rate Curves for an 


Oil in Table III. 


range of the “nose” of the S-curve is to be observed for the different 
oils. Note high rate of heat removal in the temperature range of the 
“nose” of most S-curves. At lower temperatures, below 1050 degrees 
(565 degrees Cent.), the rate of heat removal has become 
practically the same for all oils regardless of type or Source. 

All oils are derived from one of three sources, animal, vege- 
table and mineral. Since no vegetable oils were considered in this 
present work we have only three possible classifications, namely, 
straight animal oils, blended animal and mineral oils, and straight 
mineral oils. The curves studied were grouped according to this 
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scheme to see if any behavior pattern would evolve. The diversities 
noted are as follows: The straight animal oils exhibit the greatest 
change in quenching rate with continued use. This change is in the 
order of 33 per cent decrease in speed of quench after considerable 
use. The straight mineral oils showed some tendency to maintain 
their maximum quenching rates to somewhat lower temperatures than 
did the other groups. Expressed differently, the mineral oils main- 
tain a high rate of heat removal over a considerably wider tempera- 
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Fig. 4—Comparison of Various New Oils Used at Temperatures Indicated 
to Produce Similar Operating Results. 


ture range than the other oils. The high rate of heat removal for the 
animal and the blended oils covers about 200 degrees on the Fahr. 
scale, while with the mineral oils it varies up to as much as 400 
degrees Fahr. 

Other differences between the three groups were negligible and 
in no case were the differences of such a nature or magnitude as to 
direct the choice of one group over the others as a preferred quench- 
ing medium. 

The various oils examined rather naturally divide themselves 
into four general classes when considered in the light of their phys- 
ical properties. This is only a rough division for the purposes of 
comparison but is generally accurate with some exceptions. These 
classes are heavy oils, including A, C and E; medium oils with F 
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as the single representative ; light oils of which B, D and G are mem- 
bers; and the very light oil H. The one notable exception to this 
grouping is A whose viscosity figures align it with the light oils 
while the remainder of its physical properties correspond with those 
of the heavy oils. Since physical properties are the criteria by which 
oils are designated and selected, let us see if the quenching character- 
istics follow this rough general grouping. 

It might be expected that the lighter the oil the faster the quench 
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Fig. 5—Comparison of Various New Oils at Same Temperature. 


would hold as a general rule. A careful consideration of the rate 
curves obtained reveals that is far from true. The three lighter 
classes are practically indistinguishable and the heavy oils in the used 
condition also follow the same general pattern. The heavy oils, when 
new, give some of the highest quenching rates encountered which is 
directly opposite to our expectations. It is true that the very light 
oil H does give a higher quenching rate over a longer temperature 
interval when tested at 132 degrees Fahr. initial temperature. than 
any other oil considered, but this is so close to its flash point as to 
make it unusable. When tested at a safe temperature it is much like 
the others. 

It might be well to note here that the highest maximum rate 
achieved by any oil was 66.8 degrees Fahr. per second, developed by 
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oil “C” at an initial temperature of 221 degrees Fahr. and the slowest 
maximum rate was 27.4 degrees Fahr. per second developed by oil 
“D” at an initial temperature of 84 degrees Fahr. In terms of hard- 
enability this represents the difference between 3; and ;% inch on the 
standard Jominy test bar. It is also interesting to observe that with 
the oil having the lowest maximum quenching rate it is possible to 
approach the highest rate obtained by suitably adjusting conditions 
and in a similar manner with the oil having the highest maximum 
quenching rate it is possible to approach the lowest rate obtained, 
again by adjusting conditions. 

From the foregoing it is apparent that quenching oils cannot 
be chosen on the basis of their physical properties, that other factors 
must influence the choice. These determinants will vary. Some are: 
suitability to present equipment, availability, safety and others. After 
due allowance has been made for these things the final consideration 
will be economics. 

In considering the purchase of oil for new quenching systems, 
it is the opinion of the writers that too much consideration need not 
be given to high sounding sales talk. Actually, similar results can be 
expected from most of the oils now used for the purpose. As has 
been pointed out, differences in capacity to quench are negligible with 
proper handling. Where confidence has been established in an oil by 
long-time use, the maintenance of that confidence in the mind of 
the employees may be the main consideration in repeated orders for 
oil. This may only be justified for a maintenance of morale in the 
men. Actually, there is no reason for not going to a more economic 
oil. 
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DISCUSSION 


Written Discussion: By H. Gershinowitz, director of research, and 
G. W. Waters, senior research chemist, Shell Oil Company, Inc., New York. 

We have read Messrs. Spring, Lansdale and Alexander’s paper with both 
interest and pleasure. Their conclusion that all quenching oils are metallur- 
gically equal is not unattractive, for it would free us, as producers of oil, from 
the necessity of probing the science of metals, a field in which we are generally 
inadequately equipped with either facilities or background. On the basis of 
limited tests in which we have cooperated, however, we are surprised by these 
conclusions and the discussion of this paper from the metallurgical standpoint 
by those much better qualified than we is accordingly anticipated with great 
interest. 

The indications obtained by the authors that the quality of quenching oils 
is not determined by their physical properties focus attention on chemistry in 
its proper relation to the economics of quenching oils. A ‘brief consideration 
of this paper from the chemical standpoint may be instructive. Straight animal 
oil is reported to exhibit the greatest change in quenching rate with continued 
use. Since this oil showed relatively low evaporation tendencies, it seems 
logical to assume that the thermal and oxidation stabilities are the determining 
factors of change during use. That thermal and oxidation stabilities of oils 
are functions of chemical composition has been amply demonstrated by studies 
of thermal decomposition and oxidation of oils. Further than simple resistance 
to deterioration, it has been shown that chemical composition influences the 
course of oxidation. The problems may be complex since, for example, those 
hydrocarbons which would be expected to be most resistant to thermal decom- 
position may, on the other hand, produce undesirable products of oxidation, 
e.g., sludge. However, the knowledge of the role chemical composition plays 
should lead to the formulation of quenching oils fortified against the various 
specific factors which interfere with quenching efficiency. The authors draw 
attention to the fact that heavy oils, contrary to expectation, give some of the 
highest quenching rates. This observation which is at variance with their 
analysis of the mechanical behavior of oils may well have its explanation in the 
chemistry of the components. It appears possible therefore that through chem- 
ical variation quenching oils can be improved metallurgically. 

We do not wish to miss this opportunity to stress an important conclusion 
which can be drawn from the authors’ work, namely, the inadequacy of arbitrary 
specifications as basis for the selection of petroleum oils. Quality on the basis 
of performance is a much more logical and substantial standard and cannot fail 
to emphasize the authors’ fundamental recommendation that selection of quench- 
ing oils be controlled by “the cost per pound of steel quenched.” 

Written Discussion: By Arthur E. Focke, research metallurgisi, Diamond 
Chain and Manufacturing Co., Indianapolis, Ind. 

We are indebted to the authors for taking the time during this busy period 
to correlate and publish their data on quenching oils. 

Over ten years ago, our metallurgical staff carried out a comprehensive 
study of quenching oils based principally on laboratory tests for viscosity, flash, 
fire, etc. From these tests it was concluded that for our parts, a straight min- 
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eral quenching oil with a viscosity of about 100 Saybolt Universal Seconds at 
100 degrees Fahr. was satisfactory and this conclusion has been confirmed by 
our continued satisfactory use of this type of quenching oil in production. 

However, in 1941, as soon as it became obvious that during this emergency 
we could not continue to obtain the high alloy steels around which our designs 
and practices had been developed, we reopened this investigation to study some 
of the new proprietary quenching oils which contain special compounds. 

Since we were concerned principally with the ability of the quenching 
medium to harden our parts, we limited our preliminary study to hardenability 
tests only. For this purpose we used a combination of the Post and Greene 
Conical sample,’ the Jominy End-Quench,? and interpreted our results by 
means of the Grossmann charts. 

Briefly, we cut conical samples 5 inches long, 0.25 inch in diameter at the 
small end tapering out uniformly to 1.25 inch at the large and standard Jominy 
End-Quench samples from the same 1.25-inch diameter bar of S.A.E. 1040 
steel. The Jominy samples and the cones were heated in charcoal at 1600 
degrees Fahr. (870 degrees Cent.) for 2 hours after which the Jominy samples 
were end-quenched in the standard manner while the cones were quenched 
(without agitation) into 25 gallons of the medium to be tested at 75 degrees 
Fahr. (24 degrees Cent.). 

The end-quench samples on this steel showed a “critical hardness” of 40 
Rockwell “C” at 0.15 inch from the water-quenched end. From the standard 
Jominy-Cooling Rate curve® this would correspond to a cooling rate of about 
150 degrees Fahr. per second. From one of Grossmann’s curves* this hardness 
at this point would correspond to a Dy; value of 1.5. 

The cones were ground to a flat wedge and hardness readings taken along 
the axis. The results of several of these tests in which the hardness is plotted 
against the diameter of the cone at the distance from the small end correspond- 
ing to that at which the hardness reading was made are shown in Fig. A. The 
diameter of the cone at that point at which the “critical hardness” is found on 
the axis corresponds to the Grossmann D,. value and since D; has been estab- 
lished by the End-Quench test, the intersection of lines from these values on 
another Grossmann curve’ provides the quench rate H. 


In Table A are shown the H values calculated by this method from the 
data in Fig. A. 


Table A 
Test Quenching Medium H De 
OA New Mineral Oil 0.36 0.30 
OB New Mineral Oil Plus 10 Per Cent Proprietary Compound B 0.36 0.30 
oc Used Mineral Oil 0.40 0.34 
OD Proprietary Quenching Oil D 0.44 0.40 
WwW Water 0.76 0.90 





1Fig. 1, S.A.E. Journal, Vol. 49, No. 1, July 1941, p. 278. 


2S.A.E. Standard Procedure Recommended for Testing Hardenability of Steel, S.A.E. 
Journal, Vol. 50, No. 1, January 1942, p. 15. 


’Fig. 2, S.A.E. Journal, Vol. 49, No. 1, July 1941, p. 268. 
‘Fig. 11, S.A.E. Journal, Vol. 49, No. 1, July 1941, p. 291. 


‘Fig. 63, anne of Heat Treatment,’’ M. A. Grossmann, published by American 
Society for Metals, 
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These values for H are in agreement with those reported by Grossmann 
for similar quenching media*® and since the difference between the H value of 
the standard mineral quenching oil and that of the better compounded pro- 
prietary quenching oil is less than that which Grossmann found could be ob- 
tained by increased agitation, we decided that these new oils did not have 
sufficient value to justify their use on our production. 

However, we continued to learn of special cases in which the change from 
a straight mineral oil to one of these special oils made the difference between 
success and failure and we have continued our investigation. Briefly, these 
latest tests seem to show that: 

(1) The new compounded oils do not result in increased depth of harden- 
ing under the same quenching conditions if the D; value of the steel is greater 
than about 1.4. 

(2) On tool steel with D; vaiues close to 1.0, these new compounded oils 
are effective and this effect is greater than can be produced by increased 
agitation alone. 

From all this, then, we are forced to conclude that, while in general, we 
agree with the conclusions presented by the authors of this paper, we recognize 
that in certain special cases, the new compounded quenching oils are very useful. 

Written Discussion: By Arnold P. Seasholtz, metallurgist, E. F. Houghton 
& Co., Philadelphia. 

This paper is of considerable interest and brings out many factors to be 
considered in the evaluation of quenching media. The author points out that 
physical properties of the oils are not a proper criterion to be used when pre- 
judging either results or costs. Viscosity, he states, is mainly important because 


*Technical Publication No. 1437, American Institute of Mining and Metallurgical Engi- 
neers, February 1942. 
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experience has shown that evaporation of quenching oil has a bearing on its 
life and its performance. 

Our own experience has checked with this, in that stability of the oil to 
resist fractional distillation will result in longer life, less tendency to sludge, 
and a constant viscosity which will not be materially altered by long usage. 
Oils with high viscosity have a higher drag-off loss than the more fluid oils. 
Further, these higher viscosity oils will not wet out as fast as a more fluid oil. 

Another important factor is the variation in quenching speed obtained by 
adjusting the oil temperature; however we question the advisability of heating 
an oil in order to obtain maximum quenching speed. The safety factor would 
preclude temperatures of conventional quenching oils above, perhaps, 180 or 
190 degrees Fahr. 

It will be noted that this paper is based on tests made on thorough hardening 
oil quenching steel. With this type of high alloy steel it should be pointed out 
that any of the oils tested will have a sufficiently rapid quenching rate to exceed 
the critical cooling rate of the steel. This grade of steel, however, is in the 
minority today as compared to the oil quenching steels now in production. The 
N.E. (National Emergency) steels and others with lean alloy content are of 
such analysis that the cooling rate throughout the section does not exceed the 
critical cooling rate. With such steels it has been proven necessary to determine 
what oil possesses a fast quenching rate, and choose the oil quite largely on 
the basis of speed. Of course, stability is also an important factor. 

A difference in rate of cooling in the temperature range at the nose of the 
S-curve is observed for the different oils described in this paper. When using 
the semi-thorough hardening steels, it has been found necessary to use an oil 
which possesses a fast cooling rate through the temperature range at the nose 
of the S-curve, thus providing optimum results, such as maximum hardness, 
greater penetration of hardness and better physical properties in the hardened 
steel. 

It may be of interest here to describe a procedure for testing the cooling 
speed of quenching oils which has been worked in conjunction with a large 
government institution. The specification states: 

“The oil shall have a high initial quenching speed. It shall remove not less 
than 38 per cent of contained heat from l-inch diameter by 2.5-inch long 
steel test pieces when quenched from 1500 degrees Fahr. (815 degrees Cent.) 
for five seconds in oil, the temperature of the oil being less than 200 degrees 
Fahr. (95 degrees Cent.). The test pieces may be heated in an open fire in 
which a reasonably nonscaling atmosphere is maintained. 

“To determine the percentage of the contained heat removed from the test 
piece, two identical sample test pieces shall be used. The samples shall be 
heated and quenched under identical conditions, except that one shall be quenched 
cold and the other for five seconds as specified. The comparative rise in tem- 
peratures of the quenching baths is a rough measure of quenching speed.” 

As a result of tests run by the foregoing procedure, it has been determined 
that in the five-second test the following percentage of heat may be expected 


to be removed from these different types of oils: 


100 Viscosity Mineral Oil. 15 to 23 per cent 
Compounded Quenching Oil ’ : : 20 to 30 per cent 
Compounded High Speed Quenching Oil treated for fast wetting speed 38 to 45 per cent 








60 TRANSACTIONS OF THE A. S. M. Vol. 33 


We would make one other point which the authors for their purposes did 
not attempt to consider: The question as to whether the measuring of the 
cooling rate at the center of the bar would present as true a picture as could 
be determined by hardness testing methods. The latter procedure would reveal 
uniformity of surface hardness, maximum surface hardness and depth of pene- 
tration. The lower thermal conductivity of stainless steel here tested would in 
our opinion not make it desirable as a basis for obtaining actual cooling rates 
at the center of the bar. 

These alternatives are presented to show the many factors which must be 
considered in attempting to evaluate quenching of oils, it being realized that the 
authors did in no way attempt to tackle the whole problem for the many types 
of oil quenching steels. The work which was undertaken does, however, reveal 
some important factors of quenching oils. Further work to determine results 
obtained by agitating the oil instead of using a still oil bath, and by testing 
semi-thorough hardening steels, would be of added interest. 

Written Discussion: By Morse Hill, assistant metallurgist, Materials Lab- 
oratory, Engineering Division, Materiel Command, Army Air Forces, Wright 
Field, Dayton, Ohio. 

The authors have presented more of the data which is necessary if any 
general picture of the quenching operation is to be gained. We can make 
numerous speculations on the time-temperature relationships but unless there is 
experimental evidence with which to compare them the speculative results can 
not be fully trusted. 

It would be very interesting to compare the authors’ curves with the pre- 
dictions from the formulae J. H. Awbery develops in the Journal of the Iron 
and Steel Institute (1941, p. 144). Can they therefore describe the oils more 
fully so that it would be possible to estimate the following quantities: viscosity, 
specific heat, density, heat conductivity and average molecular weight? 

It is unfortunate that the authors chose to work with 18-8 steel for its 
thermal diffusivity is so poor that some of the differences between quenching 
oils may have been masked. Thermal effects at the critical are generally well 
suppressed in steels such as 4340. 

I have had occasion to determine some cooling curves under similar condi- 
tions by using ordinary steels and have found it extremely difficult to reproduce 
closely any cooling curve. What reproducibility do the authors consider 
| : satisfactory? 

| Written Discussion: By H. M. Fearon and Maurice Reswick, Engineering 

' Division, Sales Department, Standard Oil Company of New Jersey, New York. 

This paper is an excellent presentation of a subject of interest to not only 

4 the metallurgists of the industry, but also to the suppliers of the media used in 

) the quenching of steel. Considerable work was no doubt entailed by the authors 

in assembling and preparing the data for publication, only a portion of which 
is included. 

The problem of quenching oils has many phases, and the authors have 
wisely limited themselves to but one phase, namely, the rate of heat absorption 
from an 18-8 stainless steel specimen, which materia! eliminates the heat of 
) transformation effect, and enables us to view the cooling rate phenomenon 
clearly. The authors are to be commended for this direct approach, and our 
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comments are limited to this particular phase of the quenching problem. 

It is gratifying to know that the equipment used is such that can be 
duplicated, and the work initiated by the authors continued in other laboratories, 
and the results thus correlated. 

The physical properties table is a necessary adjunct to the curves shown, 
as a means of better understanding the types of oils tested. For practical con- 
sideration the authors have used specific gravity temperature determination 
approximating operating conditions, rather than the conventional 60 degrees 
Fahr. used in the petroleum industry. The viscosity determination itself varies 
from the Saybolt Universal method common to the industry. 

These departures from the orthodox are somewhat confusing to the oil 
engineer seeking correlation, and furthermore, do not tie in with purchase 
specifications covering the oils in general use. However, the values are relative, 
and as far as the evaluation is concerned, are considered as such. As an 
approximation, we estimate that the viscosities of the listed oils at 210 degrees 
Fahr., in terms of Saybolt Universal Seconds, are roughly the same as the 
values obtained by the authors with the Dudley Pipette at 130 degrees Fahr. 

The tests have included both new and used oils in the three most important 
categories, namely, animal oils, proprietary blended oils, and straight mineral 
oils. This idea is to be commended as emphasis has been placed, in some cases, 
on the difference in cooling performance of used oils versus new oils. Such 
differences in performance may be due to a numaber of factors, such as evapora- 
tion of any minute quantity of moisture contained in the oil, boiling off the 
extra light fractions, increase in relative viscosity due to oxidation, sludging, 
etc. We should like to ask the authors over what period of time the oils were 
in service. This may explain the variation in the physical properties shown for 
the several types listed. 

For the sake of simplicity, the effect of mechanically produced convection 
currents on the rate of cooling was not considered by omitting a test with 
mechanical circulation in the four (4) gallon quenching oil bath. Nevertheless, 
it would be interesting to know how the experimenters immersed the steel 
specimen, that is, whether it was simply dropped in the bath, suspended in some 
manner, or moved about in a figure eight pattern, etc. 

The work of the authors represents one more attempt to remove the 
mystery from quenching oils. In fact this may be regarded as the last bulwark 
to be attacked by the metallurgists who have made such rapid progress in all 
other directions. It is significant that all investigations along these lines made 
in recent years at plant laboratories and in heat treating departments have 
resulted in the same conclusions at which the authors have arrived. Namely, 
that the quenching of steel is nothing else but heat removal as a function of 
time. Practical consideration limits the quenching medium to petroleum oil on 
account of its ready availability and suitable physical characteristics. It is con- 
ceivable that minor apparent improvements may be shown by blending straight 
petroleum oil with animal oil but it is equally true that the same effects can be 
produced more effectively mechanically by improving circulation and agitation 
of the oil, and close temperature control of the quenching medium. 

It is of interest to note that metallurgical laboratories which have done 
considerable experimenting with different types of proprietary blends of quench- 
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ing oils have not succeeded in confirming the claims made for them and the 
best they can say is that by paying a higher price for the proprietary quenching 
oil they hope to obtain an oil which is more resistant to oxidation, sludging and 
breakdown than if they were to purchase just an oil at the lowest market price. 
It is obvious that if an oil of a high degree of stability is justified such an oil 
may be purchased under general specifications as to quality. 

Written Discussion: By Blaine B. Wescott, chief metallurgist, and L. W. 
Vollmer, section chief, Materials Section, Gulf Research & Development Co., 
Pittsburgh. 

The authors have elected to base their evaluation of quenching oils solely 
on cooling rates experimentally determined by the general technique used by 
many other investigators, but the results presented and some of the conclusions 
drawn from these results do not parallel those of other investigators, including 
the commentators. It is particularly significant that none of the typical cooling 





Fig. B—Comparison of the Center Cooling Curves Ob- 
tained by Russell® on 25-20 Stainless Steel Ball, 1 Inch 
Diameter, Quenched in Oil BN, and the Authors’ Curve on 
18-8 Stainless Steel Specimen, #4 Inch Diameter by 1% 
Inch, Quenched in Oil B—New—132 Degrees Fahr. 


curves or the temperature : cooling rate curves shows all of the three distinct 
stages in the cooling cycle first demonstrated by Pilling and Lynch.’ To avoid 
the complications of transformation, Pilling and Lynch used cylinders of nickel 
containing 5 per cent silicon that were 0.25 inch in diameter and 2 inches long 
and a “string” or Einthoven galvanometer having a very short period (about 
0.01 second) in their temperature recording apparatus. The so-called A (vapor 
blanket), B (vapor transport), and C (liquid cooling) stages of cooling were 
plainly evidenced by the three mineral oils tested by them. 

More recently Russell* studied the cooling characteristics of oils using in 
some experiments a l-inch diameter sphere of 25 per cent chromium-26 per cent 
nickel stainless steel and a galvanometer having a period of 0.2 second. Since 
the surface : volume ratio of Russell’s sphere (6) approaches that of the 


'N. B. Pilling and T. D. Lynch, “Cooling Properties of Technical Quenching Liquids.”’ 
Transactions, American Institute of Mining and Metallurgical. Engineers, Vol. 62, 1920, 
p. 665. 


®T. F. Russell, Second Report of the Alloys Steel Research Committee, Iron and Steel 
Institute, Special Report No. 24, 1939, p. 283. 
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authors’ cylinder (4.92 if end effects are ignored) the cooling curve obtained 
by Russell for his Oil BN (the properties of which are listed in Table B) is 
shown replotted with different coordinates in Fig. B in comparison with the 
curve obtained by the authors for Oil B—new—at 132 degrees Fahr. Russell’s 
curve shows definite termination of the A or vapor blanket stage of cooling at 
about 1100 degrees Fahr. (595 degrees Cent.), and the beginning of faster 
B-stage cooling. The authors’ curve appears to show only continuous A-stage 
cooling down to the zone where C-stage cooling begins. 

The commentators have also made a comprehensive study of quenching oils 
during which cooling curves of various sizes of 18-8 stainless steel cylinders 


see ERS 





Fig. C—Center Cooling Curves Obtained with a Slow 
(No. 2) and a Fast (No. 1) Quenching Oil and a Short 
Period (0.019 Sec.) Oscillograph. 3% Inch Diameter by 3 
Inch, 18-8 Stainless Steel Specimen Quenched in Fast 
Mineral Oil No. 1 and Slow Mineral Oil No. 2. Bath 
Temperature 120 Degrees Fahr. No Agitation. 


were determined using a temperature recorder equipped with an oscillograph 
having a period of 0.0192 second and a damping ratio of about 0.5. The 
center cooling curves for a 0.75-inch diameter by 3-inch specimen quenched in a 
fast mineral quenching oil and a slow mineral quenching oil are shown in Fig. C. 
The three stages of cooling are very evident and are even more sharply indicated 
than in Russell’s curve (Fig. B). 

It is the opinion of the commentators that the differences in sharpness of 
definition of the three cooling stages shown by the curves in Figs. B and C are 
due to the characteristics of the galvanometers used in each case. The authors 
employed a Leeds and Northrup galvanometer described only as having a 
sensitivity and response “such that the apparatus is capable of following tem- 
perature changes of the order of 500 degrees Fahr. (260 degrees Cent.) per 
second.” Leeds and Northrup mirror galvanometers ordinarily are not made 
with periods less than 1.5 seconds; the period of the usual laboratory mirror 
galvanometer is at least 2 seconds. Such instruments will institute large 
dynamic errors in high speed measurements involving changes in rate. French 
and Klopsch* have stated that “ordinary galvanometers or potentiometers are 

°H. J. French and O. Z. Klopsch, “Quenching Diagrams for Carbon Steels in Relation 


to Some Quenching Media for Heat Treatment,’’ Transactions, A.S.S.T., Vol. 6, 1924, 
p. 251. 
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Fig. D—The Influence of Quenching Bath Tem- 
perature on Cooling Velocity at 700 Degrees Cent. 
Taken from Pilling and Lynch.” 
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Fig. E—Effect of Bath Temperature on the Center 
Cooling Curve for Fast Quenching Oil No. 1. % Inch 
Diameter by 2% Inch, 18-8 Stainless Steel Specimen 
Quenched in Fast Quenching Oil No. 1. Bath Temperature 
Range /5 tc 250 Degrees Fahr. No Agitation. 


entirely unsuited for detecting the thermal transformations and even following 
the time-temperature relations in quenching, on account of the rapid rates of 
temperature change encountered.” It is believed that the authors’ temperature 
recording apparatus is not sufficiently responsive to indicate accurately the 
changes in rate of cooling in a specimen of the size used. A sluggish gal- 
vanometer will fail to indicate true peak rates of cooling and therefore will not 
develop the real differences in quenching rates of the oils tested. 

The highest maximum rate given by the authors, 66.8 degrees Fahr. per 
second for oil C—new—at an initial temperature of 221 degrees Fahr., does not 
seem to be justified by the time-temperature data in Table II; the time : tem- 
perature relationship for this oil at 1400 degrees Fahr. (760 degrees Cent.) is 
practically a straight line indicating a cooling rate of 49.5 degrees Fahr. per 
second. The maximum cooling rates obtained from the center cooling curves 
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of the 0.75-inch diameter cylinders in Fig. C of this discussion are 55 degrees 
Fahr./seconds for the slow oil and 95 degrees Fahr./seconds for the fast oil 

The observation that quenching power of oils can be equalized by adjusting 
bath temperatures is not in accordance with the conclusions of Pilling and 
Lynch,’ Russell,’ and many others. It is generally agreed that aside from the 
initial improvement resulting from the decrease in viscosity of oil, an increase 
in bath temperature within workable, safe limits has little or no influence on 





Fig. F—S.A.E. 1095 Cones Quenched 
in Fast Oil No. 1 (Cone at Left) and Slow 
Oil Ne. 2 (Cone at Right) at 125 Degrees 
Fahr. and Violently Agitated. 


the quenching power of oils suitable for quenching. Fig. D taken from Pilling 
and Lynch’ shows the negligible effect of bath temperatures up to 300 degrees 
Fahr. (150 degrees Cent.) on the cooling velocity (at 700 degrees Cent.) of 
the three mineral oils tested by them. Fig. E, obtained in the course of our 
investigations, similarly shows the minor effect of bath temperature on the 
cooling curve for a 0.5-inch diameter by 2.5-inch 18-8 specimen quenched in 
fast quenching oil No. 1. With bath temperatures from 125 to 250 degrees 
Fahr., cooling rates remain practically unchanged in the A and B cooling stages 

It is believed that the authors are unjustifiably optimistic in their statement 
to the effect that the critical cooling rates of steels normally quenched in oil 
can be attained by all of the oils tested by them. This does not take into 
account the mass of the steel to be quenched or the wide variation in harden- 
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ability that may and does obtain in different heats of the same steel. In fact 
the N.E. steels and the wider usage of plain carbon steels for alloy conservation 
purposes increase the importance of the differences in quenching rates of oils 
in the vicinity of the S-curve nose because of the relatively high critical cooling 
rates involved. 

Cooling curves are of unquestioned value for investigating quenching oils. 
Experience gained from an identical investigation extending over a period of 
several years, however, has convinced the commentators that it is unwise to 





Table B 








Properties of Oils 
; Oil — 
Property BN (Russell®) No. 1 No. 2 
Specific gravity at 60 degrees Fahr. 0.891 0.8686 0.8708 
Viscosity, S.U.S. 100 degrees Fahr. 120 88.9 101.0 
210 degrees. Fahr. __....... 38.6 39.5 
Viscosity index 106 99 
Pour point, degrees Fahr. > +25 +15 
Flash point, O.C., degrees Fahr. 385 350 360 
Fire point, O.C., degrees Fahr. ee 400 410 
Neutralization No. 0.62 0.13 0.05 
Saponification No. 7.21 0.20 0.50 


rely wholly on data obtained in this manner to predict the results obtainable 
from the heat treatment of hardenable steels. Usually we are lacking in 
accurate knowledge of the cooling rates at different points in the pieces to be 
hardened and of the critical cooling rate of the steel. 

Proof that the differences between a fast and a slow quenching oil are real 
and useful is shown in Fig. F. These cones (0.5 inch diameter by 2.75 inches 
by 0.75 inch diameter) were machined from adjoining lengths of the same bar 
of S.A.E. 1095 steel. Cone A was quenched in fast oil No. 1 (Fig. C), Cone B 
in slow oil No. 2. The quenching temperature was 1450 degrees Fahr. (790 
degrees Cent.) ; bath temperature 125 degrees Fahr.; agitation violent mechan- 
ical. The H value for fast oil No. 1 under these quenching conditions was 
determined to be 1.41 (Grossmann” and Post, Greene and Fenstermacher™). 
From Grossmann’s relation between D: and D. the H value for slow oil No. 2 
was found to be not greater than 0.55. It will be noted that violent agitation 
of the baths did not overcome the difference in quenching power of the two 
oils indicated by the cooling curves. This difference has been demonstrated 
repeatedly both by laboratory experiments and in commercial heat treating 
operations. 

The commentators would like to know if there is any relation between the 
viscosity determined by the Dudley pipette and that determined by the Saybolt 
viscosimeter as specified by the American Society for Testing Materials. 

Written Discussion: By F. E. Rosenstiehl, assistant manager, Technical 
and Research Division, The Texas Co., New York. 

I believe the authors should be complimented on the thoroughness in which 


10M. A. Grossmann, “Principles of Heat Treatment,’”’ published by the American Society 
for Metals. 


uC, B. Post, O. V. Greene, and Ww. H. Fenstermacher, “‘Hardenability of Shallow 
Hardening Steels,’’ Transactions; American Society for Metals, Vol. 30, 1942, p. 1202. 
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they have studied this subject. The tests we have made indicate that differences 
of hardness are obtained by the use of different quenching oils; however, all of 
our tests were conducted with the different oils at the same initial temperature. 
In connection with hardness, it would be very interesting to compare the method 
of the authors, which predicts hardenability from quenching rates, with the 
method of Asimow and Grossmann, which predicts quenching rate from actual 
hardness data. In connection with the cooling rate study, it is noted that the 
authors draw conclusions regarding obtainable hardenability results. I am 
wondering if these conclusions would hold true in actual practice where shallow 
hardening steels are being quenched. 

We are not in complete agreement with the authors’ assertion that a 
quenching oil should be selected on the basis of its flash and fire, and its cost 
per pound of steel quenched, since we feel this assertion is too general and 
therefore apt to be misleading. It has been our experience that certain quench- 
ing oils are more prone to chemical deterioration or oxidation than others 
through use. The more unstable oils are liable-to cause formation of trouble- 
some sludge or carbonaceous deposits. These may not- be serious enough in 
themselves to necessitate replacement, though they may lead to trouble in oil 
cooling systems; adversely affect the ease of future operation such as descaling, 
or even change the quenching characteristics of the quenching medium. Further, 
through use, certain of the more unstable quenching oils may show appreciable 
changes in their physical characteristics, such as viscosity increase or decrease, 
or decrease in flash or fire points. While again these changes may not be 
serious enough to cause replacement of the oil, they may cause a change in 
the quenching characteristics enough to necessitate a change of the quenching 
bath temperature to insure optimum hardness or safe working conditions. 

We also feel that adjusting the quenching bath temperature to the results 
desired, as suggested by the authors, while possible, is not always practical. 
To hold certain oils at a low temperature range, such as 80 to 90 degrees Fahr., 
might be expensive and difficult to maintain. Likewise, holding other oils at 
high temperatures, such as 220 degrees Fahr. or higher, might also prove 
difficult. 

Written Discussion: By H. P. Langston, metallurgist, and G. R. Pease, 
associate chemist, Laboratory, Springfield Armory, Springfteld, Mass. 

The authors are to be commended for their sincere attempt to remove the 
veil of mystery that has persistently surrounded the selection of quenching oils. 
On the other hand, the impression should not remain that all oils are essentially 
alike or that “differences in capacity to quench are negligible with proper 
handling.” This quoted statement may be true when heat treating the high 
hardenability tool steels. However, our experience has indicated that the dif- 
ferences in cooling capacity of various oils assumes considerable significance 
when engineering steels are involved. Reference is made to a number of heats 
of steel which it was possible to fully harden only by using an oil with a high 
initial quenching speed. 

In one case, a 1.25-inch section of S.A.E. 4150 steel failed to harden when 
quenched into a straight paraffin base mineral oil with a low initial quenching 
speed, whereas, this same heat hardened uniformly and throughout the full 
section when quenched into an oil having a high initial quenching speed. In 
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another instance a similar improvement in hardening various lots of S.A.E. 
X1045 strip steel (0.033 inch maximum thickness) was accomplished with a 
change in the quench oil. 

It has been our experience that it cannot be predicted with certainty that 
a given oil will fulfill the necessary quenching speed requirements when evalu- 
ated on the basis of the time-temperature curve at the center of a 1-inch 
diameter test plug quenched into that oil. This condition was especially true 
in the case of the thin section mentioned previously. 

A method of measuring the initial quenching speed which appears to be 
much more reliable for thin sections of steel, at least, is a test which measures 
that percentage of contained heat above room temperature which is removed 
from a l-inch round by 3-inch long test plug in the first five seconds of quench. 
In this test, oils which showed a low percentage of heat removed during the 
first five seconds invariably failed to produce a full quench while those oils 
which showed a high percentage of heat removed quenched satisfactorily. 

It has also been found by experience that finely dispersed water to the 
extent of only 0.4 per cent suspended in a normally “fast” oil will reduce its 
initial quenching speed to a point where frequently the oil is no longer satis- 
factory. In this case, again, the results of the five-second test correlated better 
with quenching performance on S.A.E. X1045 strip steel than did time-tempera- 
ture characteristics. 

Temperatures at which a quenching oil may be used are limited in practice 
not only by the flash and fire points, but by their resistance to oxidation and 
sludging. It is probable that no commercial product will be usable for more 
than a few weeks at the reported test temperatures of 220, 300, and 450 degrees 
Fahr. One oil of mineral origin under test in this lal »ratory showed 9 per cent 
of sludge formation in 18 days at 210 to 220 degrees Fahr. Although this rate 
of deterioration is not typical of the best commercia’ oils, most oils do undergo 
a similar breakdown at these high temperatures over a period of time. 

It is suggested that the following factors be considered in addition to those 
recommended by the authors in choosing the proper quenching oil: 

1. The initial quenching speed under s, -cified test conditions. 
2. Resistance of the oil to oxidation and sludging. 
3. Limitation of the water content to not more than traces. 

The five-second test, mentioned before, has been found to be a simple yet 
reliable method for determining the initial quenching speed. A simple laboratory 
oven test on a small volume of oil at 210 to 220 degrees Fahr. with or without 
air agitation will give a comparative measure of oxidation and sludging char- 
acteristics which is sufficiently accurate for quenching oil tests. Water is usually 
determined by distillation with water-immiscible solvent. 

Written Discussion: By Malcolm F. Hawkes, instructor, Department of 
Metallurgical Engineering, Carnegie Institute of Technology, Pittsburgh. 


Metallurgists should welcome this paper for it supplies a great deal of data 
on a subject which, surprisingly enough, has received scant attention in the last 
few years. It is interesting and important to note that oils should be compared 
not at one fixed quenching bath temperature but rather at their optimum tem- 
perature for fastest cooling rate. One must agree with the authors that a 
surprising degree of control can be exerted by varying the quenching bath 
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temperature for various oils, but many, I feel, would hesitate to agree that the 
evidence shows a variation in oils produces no important effect on depth of 
hardening. 

However, rather than argue over what constitutes an important effect, I 
wish to suggest that consideration of this type of data alone may not be an 
easy way to compare the hardening power of various oils. The shape of the 
cooling curves obtained differs considerably, hence so does the relation between 
cooling rate and specimen temperature at which that cooling rate is measured. 
Fig. G, plotted from the authors’ data, shows some interesting features about 
this relation. Curves are shown for three oils each used at its optimum quench- 
ing bath temperature for fast cooling. Oil D, which has a relatively low cooling 
rate at temperatures slightly below the critical, gives steadily increasing cooling 
rates almost down to the knee of the S-curve; here the rate is appreciably 
higher than that obtained using oil G which gives steadily decreasing cooling 
rates over the same temperature range. Consider also oil C. At 1300 degrees 
Fahr. (705 degrees Cent.), where cooling rates are freauently recorded, it 
affords a rate considerably greater than oil D, but the latter affords a greater 
rate at temperatures near the knee. With rates varying in this manner it is not 
a simple matter to estimate the effect on depth of hardening and I should like to 
make this suggestion. When comparing quenching oils would it not be advis- 
able to make direct measurements on this important factor? Results from a 
simple but precise hardenability test, using each of the oils under consideration, 
would not entail much effort and would greatly strengthen the inferences to be 
drawn from cooling rate data. 


Oral Discussion 


G. W. Warters:” If I am permitted I would like to append a question. 
We would be very interested in hearing a few more specific details on the 
manner in which these oils were aged so that they became used oils. We 





12Senior research chemist, Shell Oil Co., Inc., New York. 
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would like if possible for the authors to give us some idea of the temperature 
at which the oils were aged. 

Howarp Scott: In discussing oils we should keep in mind their ultimate 
function. Why do we quench in oil? It is primarily to avoid distortion; other- 
wise, we would use water. On that account a relatively long cooling rate is 
essential. Perhaps there has been too much emphasis on speed of quenching 
and too little on avoidance of distortion in the selection of quenching oils. 

It is also clear from the way this discussion has gone that oils are used for 
several different purposes. The major one is to avoid distortion. But sometimes 
you get in the embarrassing position of having to harden a steel of inadequate 
hardenability. That requires one specific type of oil different from the general 
purpose oil that you might prefer to use. 

It is an oil of high cooling velocity in the early stages of the quench, such 
as “C” and “E” of the paper, but not necessarily fast at low surface tempera- 
tures. In this case avoidance of scale on the work is imperative. 

There is still another type of oil that may be used to considerable advantage ; 
namely, one of high flash and fire point. 

Most of you have heard Mr. B. F. Shepherd tell of the remarkable results 
he gets by quenching in molten salts at 400 to 500 degrees Fahr. (205 to 260 
degrees Cent.). The same results can be obtained in oils, simply by raising 
their temperature, but then you get into the difficulty that Mr. Seasholtz men- 


Table C 


Comparison of Quenching Oils on Basis of Cooling Rate at 700 Degrees Fahr. Oil Tem- 
perature 130 Degrees Fahr. 


Oil Flash Point --Cooling Rate—Degrees Fahr./Sec.—, Ratio 


No. (Degrees Fahr.) Viscosity 1100 Degrees Fahr. 700 Degrees Fahr. of Rates 
. 501 531 34.4 8.0 0.23 
E 522 445 29.7 10.0 0.30 
A 522 55 26.2 12.5 0.43 
B 360 49 20.2 9.1 0.45 
G 361 31 24.1 11.2 0.46 
H 193 36 61.5 53.2 0.54 
D 360 48 22.4 12.6 0.56 


tioned. However, there are many furnaces in operation now which quench from 
and in a protective atmosphere so that there is no longer a serious fire hazard. 
An oil of high stability and therefore high flash point is then required. 

Use of the latter oil at 400 degrees Fahr. (205 degrees Cent.) or higher is 
indicated particularly for 40 to 50 carbon S.A.E. or N.E. alloy steels, which 
steels present quite a problem in cracking. The hardening transformation occurs 
in them at such a high temperature that work cannot be withdrawn from the 
bath and cooled in air to avoid cracking with retention of full hardening. The 
next best thing then is to use the quenching medium in which the rate of cooling 
changes rapidly between the nose of the “S” curve and the temperature at which 
transformation starts, which is about 700 degrees Fahr. (370 degrees Cent.). 

On that basis, I have calculated the ratio of the cooling rate at 700 degrees 
Fahr. (370 degrees Cent.) to that at 1100 degrees Fahr. (595 degrees Cent.) 
for the different oils at 130 degrees Fahr. Dr. Grossmann pointed out it does 


Section engineer, metallurgical section, Westinghouse Electric & Manufacturing Co., 
East Pittsburgh. 
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not make too much difference whether thesnose temperature is taken as 1100 or 
1300 degrees Fahr. (595 or 705 degrees Cent.). Now one can see how the 
several oils tested compare on the basis of this criterion, Table C. With a low 
ratio—that is, a high cooling rate at the nose of the “S” curve and a low cocling 
rate when transformation starts—minimum residual stress is developed. We 
have every reason to believe that the residual stresses which cause cracking 
develop as the transformation proceeds, that is, after, not before it starts, which 
is in the neighborhood of 700 degrees Fahr. for medium carbon steels. 

From the foregoing viewpoint, one should choose oil “A” or “E” for use 
in a bath at say 400 degrees Fahr. (205 degrees Cent.) because of their high 
flash point. Both have adequate cooling power at 1100 degrees Fahr. (595 de- 
grees Cent.) which, in the case of “E,” at least is not lost when the bath tem- 
perature is raised to 440 degrees Fahr. “E,” however, is preferable to “A” 
because of its low cooling rate at 700 degrees Fahr. (370 degrees Cent.) relative 
to that at 1100 degrees Fahr. (595 degrees Cent.). The use of such an oil 
“martempering.” 

Whether or not the preceding illustration is an apt one, it is a tribute to the 
authors’ presentation of their data which permits convenient study of the effects 
of all the factors varied by them. 

Authors’ Reply 


The authors are quite gratified by the volume of comment which this paper 
has evoked and wish to thank those who took part. Apparently this is a subject 
which is of considerable interest to many people and on which a wide divergence 
of opinion exists. On some points there was considerable repetition among the 
commentators; consequently we will consider the comments as a group rather 
than each one individually. 


might well extend the range of applications for 


Four different discussions suggested that the lean N.E. steels need more 
severe quenching than the heretofore standard steels. Virtually all lists of the 
N.E. steels show the N.E. steels and the S.A.E. steels with which they are 
comparable. In other words, it is perfectly feasible to pick an N.E. steel capable 
of direct substitution for each of the S.A.E. steels. Existent data point to 
physical properties and hardnesses in the N.E. steels quite on a par with S.A.E. 
steels and nowhere is the use of special quenching oils indicated. 

Two commentators suggest a special “five-second test” basically similar to 
a specific heat test. The authors hold no brief for any specific test. Our effort 
was to establish that but little if any difference existed in the capacities of the 
various oils to remove heat and that those differences could be adjusted by 
control of the oil bath temperature. In this connection the equipment used has 
been both commended and decried. We believe that it was sufficient for the 
purpose intended since we were able to answer the questions brought up in our 
shops which were the basis for the investigation. Hardness tests were sug- 
gested as another means by which this investigation might have been conducted. 
This is, of course, a valuable testing procedure and much useful information 
has been gained thereby. 

The point made as regards chemical stability is well taken. Mixed oils 
will give high evaporation losses. It is the duty of the oil industry to provide 
the metals industry with stable oils. In the face of chemical instability, as 
evinced by evaporation, essentially identical cooling capacities were found. 
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The adjustment of oil bath temperatures has been said to be “not always 
practical.” To hold temperatures to extremely low levels is difficult, requiring 
the handling of very large volumes of cooling water. As pointed out by the 
authors these low temperatures are not necessary. If and when high oil tem- 
peratures are carried, a much smaller volume of cooling water need be handled 
to control the bath temperature. 

It is perhaps unfortunate that some of the standards used in measuring the 
physical properties of oils are not those common to the Petroleum Industry. 
However, they are comparable among oils investigated and are the units in 
which a great mass of data on quenching oils has been gathered over a period 
of years. Both the authors and some commentators concluded that physical 
properties of oils are unimportant except inasmuch as they affect cost per pound 
of steel quenched. The only true basis for evaluating the performance of 
quenching oils is quality of the quenched product as was brought out by one 
of our commentators. 

We were surprised to hear that some investigations have indicated that 
variations in bath temperature do not affect quenching rates since this is at 
variance with the results of our tests and with some others. 

It was stated that our curves do not show the three stages of quenching 
generally found in all time-temperature curves of quenching. While these three 
stages may not be apparent on casual examination they are none the less 
present. This was demonstrated in considerable work we did in deriving 
mathematical expressions for the various curves obtained experimentally. This 
work was not published. 

We were very interested in hearing from one party, whose interests in the 
subject have been of long standing, that “all investigations along these lines 
made in recent years at plant laboratories and in heat treating departments have 
resulted in the same conclusions at which the authors have arrived.” 

We have been queried as to the actual identity of the oils discussed in our 
paper. For obvious reasons the disclosure of this information had best be 
withheld. We will emphasize that all of the oils examined are commercial and 
obtainable in the open market. It is admitted all brands of quenching oil were 
not represented. 

In so much as all oils examined were not in regular use in our plant it was 
considered advisable to “age” each oil used. Scrap metal was repeatedly 
quenched in a fixed quantity of each oil until each quantity had been subjected 
to a like amount of abusive treatment. 

We pointed out that we standardized the size of specimen, temperature, and 
quantity of oil used. Likewise the handling of the specimen from the furnace 
to the oil and in the bath was after a prescribed manner. The container of oil 
was placed at the mouth of the furnace. The specimen containing the ther- 
mocouple as described was withdrawn from the furnace and at once immersed 
in the oil to a depth of 9 inches, which placed it at least 5 inches from any 
container surface. The specimen was held in a fixed position in the oil, being 
neither moved around nor subjected to agitation of the oil. 

Reproducibility of the apparatus was determined by taking a group of 
curves run on the same oil under the same conditions and calculating therefrom 
the average deviation within the group. This deviation was 4.65. 
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AN X-RAY STUDY OF BRASSES FORMED BY THE 
INTERDIFFUSION OF COPPER AND ZINC DE- 
POSITED ON GLASS BY VAPORIZATION 


By ArtTHUR A. Burr, H. S. CoLEMAN AND W. P. Davey 


Abstract 


By using the technique developed by Coleman and 
Yeagley, alloys were made by the interdiffusion of films 
of copper and zinc deposited on glass microscope slides 
by vaporization methods and X-ray investigations carried 
out. Data were obtained by means of the standard photo- 
graphic powder method and by means of an Automatic 
X-ray Spectrometer. Metal films used were of the order 
of 6 x 10-° centimeters in thickness. (A) It is shown 
that the metal films formed on glass by vaporization and 
the resulting alloys formed by diffusion have the same 
crystal structure as the bulk metal. (B) A series of 
samples in the beta brass range were subjected to heat 
treatment at 198 degrees Cent. (390 degrees Fahr.) for 
varying lengths of time. Their diffraction patterns show 
that formation of any higher phase by diffusion involves 
temporary existence of all the other .copper-zinc phases 
as intermediate states. (C) Diffraction patterns recorded 
by the Automatic Spectrometer show orientation in the 
films. This gives experimental support to a proposed 
picture of the nature of phase changes during diffusion 
based on calculations from the lattice parameters. Tech- 
niques and procedure developed in this work suggest a 
method of determination of constitution diagrams and 
diffusion rates at low temperatures. 


INTRODUCTION 


| | SING the method of Coleman and Yeagley (1)*, thin super- 
imposed films were made of copper and zinc on the surface of 
glass microscope slides, each about 6 x 10°° centimeters thick which 


1The figures appearing in parentheses refer to the bibliography appended to this paper. 


Of the authors, Arthur A. Burr is research physicist, Armstrong Cork Co., 
Lancaster, Pa., formerly, graduate assistant in physics, The Pennsylvania State 
College, State College, Pa.; H. S. Coleman is instructor, and W. P. Davey is 
research professor, in the Department of Physics, The Pennsylvania State Col- 
lege, State College, Pa. Manuscript received June 9, 1943. 

73 








| 
| 


74 TRANSACTIONS OF THE 4. S. M. Vol. 33 


were interdiffused at 198 degrees Cent. (390 degrees Fahr.). X-ray 
diffraction studies show (A) that the thin films have the same crys- 
tallographic constants as the bulk metal, so that conclusions based on 
work with thin films can be carried over safely to the bulk materials; 
(B) that the crystals of the thin films had a definite preferred 
orientation on the glass surface, and that a centered rectangle of 
atoms is always substantially parallel to the glass surface. This 
leads at once to a simple and reasonable picture of the mechanism 
of the phase changes in the copper-zine system. 
The Apparatus—The apparatus consists of : 
1. A vaporization and diffusion apparatus. 
2. An X-ray apparatus used for obtaining 
powder photographs. 
3. An Automatic X-ray Spectrometer. 
1. The vaporizing and diffusion apparatus is the same as that 
used by Coleman and Yeagley (1). 
2. The X-ray apparatus used in the obtaining of powder photo- 
graphs is a General Electric unit, Code ABNRY, Cat. No. A4904A., 
3. The Automatic X-ray Spectrometer is a new instrument 
developed by S. W. Harding, F. R. Smith, and W. P. Davey (2). 
The Automatic Spectrometer is so designed as to make it possible 
to impose geometrical limitations on the diffracting planes, thus 
making possible a study of orientation of crystal phases in respect 
to the surface of the glass on which they are deposited. 


PROCEDURE 


The Powder Method—The metal films used in this work were 
deposited en microscope slides by the Coleman and Yeagley method. 
Bimetallic samples of copper and zinc were prepared having ap- 
proximately the same thicknesses for each metal; the total thickness 
was approximately 6 x 10°° centimeters. These specimens were 
then heated to 198 degrees Cent. (390 degrees Fahr.) in order that 
diffusion might occur at a convenient rate. The diffusion was 
stopped at predetermined time intervals by removing the specimen 
from the diffusion apparatus and quenching it in either air or water. 
The partially diffused specimen was then removed from the glass 
slide by scraping with a razor blade and mounted in a cellophane 
specimen holder (3). X-ray powder photographs were then ob- 
tained. Relatively long exposure times (90 minutes) were neces- 
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sary because of the small quantity of specimen available (about two 
milligrams ). 

The Automatic Spectrometer Method—A _ bimetallic film of 
zine and copper, containing as nearly as possible equal thickness of 
copper and zinc, was prepared as outlined above and was subjected 
to similar heat treatments. After each heat treatment, a diffraction 
pattern was taken of the film in situ on the glass slide. The purpose 
of the spectrometer was to examine the relative intensities of the 
diffraction maxima. (Because of the high background, this could 
not have been done densitometrically by using powder photographs. ) 
Films of pure zinc and of pure copper were also examined by means 
of the automatic spectrometer. 

Data—The diffusion series of powder photographs is shown 
in Figs. 1 and 2. Fig. 3 is a chart showing the position to scale and 
a rough approximation of the relative intensities of the lines shown 
in Figs. 1 and 2. Figs. 4 and 5 show the automatic X-ray spectrom- 
eter recordings for the diffusion which occurred during the time 
the specimen was heated before quenching. Fig. 6 is a spectrometer 
recording showing the relative intensities of zinc deposited on glass 
as compared with the relative intensities of zinc filings. Fig. 7 
shows a comparison of the relative intensities of the first four lines 
of copper deposited on glass and the relative intensities of the 
copper filings. 

Discussion of the Data—It is evident from the powder photo- 
graphs and the chart which represents them (Figs. 1, 2, 3) that: 

1. Films of zine and copper deposited by vaporization methods 
have the same crystal structure as do the bulk metals. If this had 
not been so, our conclusions could certainly not be applied to the 
case of the metals in bulk. Indeed, it is doubtful whether they 
could have been completely justified even in the case of thin films. 

2. During the first 30 seconds of the interdiffusion of copper 
and zine, the copper, alpha, beta, gamma, epsilon and zinc phases 
are present simultaneously. 

3. A homogenized specimen of equal portions of zinc and 
copper at 198 degrees Cent. exhibits the body-centered cubic char- 
acteristics of beta brass.” 

4. The interplanar distances between the zinc (10.1) family of 
planes, the copper (111) family of planes, the alpha brass (111) 


_®This phase may be either Beta or Beta’. The A.S.M. Handbook lists the Beta phase 
in its tabular data and the Beta’ phases in its constitution diagram. 
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Fig. 1—Powder Photograph Showing Formation of Beta Brass by Diffusion of Thin 
Films of Copper and Zinc at 198 Degrees Cent. (0 to 120 Seconds). 


family of planes, and the beta brass (110) family of planes are 
very nearly the same. It follows that the distances between the 
centers of adjacent atoms in these planes are nearly the same. 

It is evident from Figs. 4 and 5 that: 

1. The combined intensities of the zinc (10.1) line and the 
copper (111) line remain practically constant during the diffusion 
of zinc and copper, whereas the zinc (00.1) line practically dis- 
appears two minutes after the diffusion has been in progress at 
198 degrees Cent. (390 degrees Fahr.). This indicates a very rapid 
disorganization of the zinc. 

2. The specimen that was permitted to diffuse for two hours 
(almost completely homogenized) shows anomalous relative in- 
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Fig. 2—Powder Photograph Showing Formation of Beta Brass by Diffusion at 198 
Degrees Cent. (10 to 120 Minutes). 


tensities for beta brass; the only strong line being the (110) line 
for beta brass, the other lines being nearly absent. This anomaly 
suggests that the (110) crystal planes have a preferred orientation 
and that they are parallel to the glass slide. 

Fig. 6 shows that there is a different intensity distribution for 
the various lines of copper in the form of filings than there is for 
copper which has been condensed on a glass surface. Fig. 7 shows 
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Fig. 4—Recordings from Automatic X-Ray Spectrometer for Diffusion at 198 De- 
grees Cent. (0 to 60 Seconds). (Note that the Spectrometer Only Shows Peaks for 
Planes Parallel to the Surface of the Glass Microscope Slide. Note Also the High 
Background Caused by Scattering of X-Rays by Glass). 
glass. A study of the fundamental reasons for the apparent an- 
omalies in intensities of Figs. 5, 6, and 7 indicates that the condensed 
' films have a tendency to be oriented with respect to the glass plate. 
Although this orientation in itself is not surprising, the deductions 
that may be made from the fact of orientation are of particular 
importance. It is apparent that there is a strong tendency for the 


zinc (00.1) and (10.1) planes to be oriented parallel to the glass, 
| and to a lesser extent for the copper (111) and (100) planes to be 
| oriented such that they are parallel to the glass surface. Further, 
| 
? 
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RECORD NO. 6 
DIFFUSION TIME 2 HRS. 





Fig. 5—Recordings from Automatic X-Ray Spectrometer for Diffusion at~198 De- 
grees Cent. (2 Minutes to 2 Hours). (Note that the Spectrometer Only Shows Peaks 
for Planes Parallel to the Glass). 

it is evident that the final beta brass formed as a result of interdiffu- 
sion of “50-50” zinc and copper films show that the (110) family 
of planes of beta brass is also parallel to the glass surface. These 
facts suggest a mechanism of phase changes which are presented 
systematically in Fig. 8.° 

It is easy to see that when a metal vapor (e.g., copper or zinc) 

is condensed on the amorphous surface of a microscope slide, the 





*A similar transformation was worked out for the alpha to gamma and gamma to alpha 
transformation of iron, by Mehl ‘and Smith (4). They used a one component system, 
while here two components are involved (zinc and copper). 
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Fig. 6—Recordings from Automatic X-Ray Spectrometer Comparing a Thin Film 
of Zinc on Glass with Zinc Filings. (Note that the Spectrometer Only Shows Peaks for 
Planes Parallel to the Glass). 


first step toward crystallization must be the formation of triangles 
by the chance collision of three atoms of metal. These triangles 
must be either equilateral or isosceles, and their planes must be 
substantially parallel to the glass surface. The addition of still 
other metal atoms to these triangles must produce two-dimensional 
and finally three-dimensional seed-crystals. 
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Fig. 7—Recordings from Automatic X-Ray Spectrometer Comparing a Thin Film 


of Copper on Glass with Copper Filings. (Note that the Spectrometer Only Shows 
Peaks for Planes Parallel to the Glass). 


me 


This picture of equilateral or isosceles triangles as the funda- 
mental unit for crystal growth leads at once to a possible systematic 
sequence of steps, consistent with the data of Figs. 4, 5, 6, and 7, 
by which zinc can be added bit by bit to pure copper to form, in 
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Fig. 8—The Centered Rectangle in all Members of 
the Copper-Zinc System Which is the Basis of the Phase- 
Changes; (a) Pure Copper; (b) Alpha Phase; (c) Beta 
Phase; (d) the Beta Phase as Seen in a Direction Per- 
pendicular to the Plane of (c); (e) Gamma Phase (omit- 
ting Certain Negligible Distortions); (f) Epsilon Phase; 
(g) Eta Phase; (h) Pure Zinc. 


succession, alpha, beta, gamma, epsilon, and eta brass. Of course, 
the sequence can be pictured equally well in reverse order, adding 
copper bit by bit to pure zinc. It has already been pointed out that 
Fig. 4 shows a rather high degree of orientation of copper such 
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that the (111) planes of the copper tend to lie parallel to the surface 
of the microscope slide. Obviously this gives a network of equi- 
lateral triangles whose sides are 2.55A long. Fig. 8 (a), drawn to 
scale, shows that this network can be considered just as truly to be 
a network of centered rectangles whose sides are respectively 2.55A, 
and 4.41A long. The progressive addition of zinc to the copper 
lattice (thus making the solid solution called “alpha~brass”) will 
progressively lengthen the lattice parameter of the face-centered 
cube of copper. (For instance (5), in the case of a solid solution 
of 37.5 parts of zine in 62.5 parts of copper, Fig. 8 (b) shows that 
the rectangle becomes 2.61A wide and 4.52A long.) Finally, when 
the proportions of zinc and copper are about equal, the face-centered 
cube has been stretched to the point where a body-centered cubic 
structure* is more stable. This body-centered cubic structure is 
“beta brass”. 

Fig. 5 shows that the beta brass has a strong tendency to have 
its (110) planes parallel to the surface of the microscope slide. This 
means that the (110) planes of beta brass are parallel to the (111) 
planes of copper and of alpha brass and suggests that the (111) planes 
of alpha brass, saturated with zinc, changed themselves into the (110) 
planes of beta brass. Such a transformation, shown to scale in 
Fig. 8 (c), requires motions of less than 0.3A or about one-tenth 
of the packing diameter of a copper or zinc atom. Fig. 8 (d) shows 
that the mechanism proposed for the transformation from alpha to 
beta brass in planes which are parallel to the surface of the micro- 
scope slide is also consistent with the location of the other atomic 
planes.° 

It is to be assumed that the addition, bit by bit, of still more 
zine will progressively lower the symmetry of the fundamental cube 
of beta brass. This could not produce any sudden change either 
in inter-atomic spacings or in the general type of crystallization up 
to the point where some other structure is more stable than that of 
beta brass. Before such a point is reached, however, the inter- 
diffusion of copper and zinc is able to attain a low type of cubic 
symmetry which can only be expressed in terms of a larger crystal- 





‘Copper at the corners of the cube, and zinc at the body-center. In the face-centered 
cube, the lengths of the edges of the rectangles in the (111) planes stand in the ratio 
1: V3. In the body-centered cube the lengths of the edges of the rectangles in the (110) 
planes stand in the ratio 1: y 2. 


5Figs. 4 and 7 indicate that a few of the crystals of copper have oriented themselves 
so that their (100) planes are parallel to the surface of the microscope slide. Trial shows 
that the transformation from the (100) planes of alpha brass to (110) planes of beta brass 
is about as easy as in the case outlined above. 
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lographic unit, whose lattice parameter should be some simple multi- 
ple of the original unit. It is not surprising, then, that the unit- 
cube of gamma brass has a lattice parameter somewhere between 
8.84 and 887A (5), since 3 times the parameter of beta brass 
(2.95A) is 8.85A. Such a cubic array would be expected to con- 
tain 2 x (3)* = 54 atoms, but the Hume-Rothery Rule for the 
gamma phase permits only 52 atoms, i.e., Cu,Zn,. Bradley and 
Thewis (6) have shown that this is done by omitting from the 
combined unit array of 27 body-centered cubes (a) the zine (or 
copper) atom at the body-center of the cubic unit array, and the 
eight copper (or zinc) atoms at the corners of the cubic unit array 
(each of which, of course, only belongs % to the unit cubic array). 
The resulting distortions are negligible so far as the present discus- 
sion is concerned. Portions of the gamma structure are shown 
in Fig. 8 (e). The orientation and dimensions of the rectangles 
in the (110) planes must therefore be unaltered in the transformation 
from beta to gamma brass. ‘The transition from beta to gamma 
brass is therefore particularly easy in terms of the rectangles in 
the (110) planes. 

We have now followed the mechanism of the successive trans- 
formation of the copper lattice to that of the alpha, beta, and gamma 
brasses. The further bit by bit addition of zinc introduces such 
distortions that the crystals can no longer show cubic symmetry. 
From this point on, the symmetry must be described in terms of the 
hexagonal close-packed structure of zinc. The basal plane (00.1) 
of the hexagonal close-packed structure may be considered to be 
made up of rectangles whose sides stand in the ratio of 1:>/3. 
Fig. 8 (f) shows such a rectangle drawn to scale for epsilon brass. 
The rectangle of the gamma phase becomes the rectangle of the 
epsilon phase by changing its dimensions from 2.95 x 4.18A to 
2.76 x 4.78A, a maximum atomic movement of less than a fourth 
of an atomic diameter. This transformation should, therefore, if 
our reasoning is correct, produce for the epsilon phase a hexagonal 
close-packed structure whose (00.1) planes would be parallel to the 
surface of the microscope slide. The further bit by bit addition 
of zinc to the epsilon phase will shorten the sides of the rectangle 
(thus giving the eta phase), without altering its orientation. This 
is shown to scale in Fig. 8 (g). Finally, we approximate pure 
zinc, whose rectangle is shown in Fig. 8 (h). We have, therefore, 
in effect, predicted that zinc, deposited on the surface of a glass 
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microscope slide, should be so oriented that its basal planes (00.1) 
will lie parallel to the surface of the slide. Fig. 6 shows that 
this is one of the two preferred orientations found experimentally 
in zinc deposited on a microscope slide. Fig. 6 shows that zinc 
also tends to deposit with its (10.1) planes parallel to the surface 
of the microscope slide. These (10.1) planes are of very nearly 
the same orientation as the (30.2) planes which contain isosceles 
triangles of substantially the same size as the triangles shown in 
Fig. 8 (h) for the (00.1) planes and which, when taken in pairs, 
form slightly puckered rectangles which simulate the centered rec- 
tangles which have been employed above. The mechanism of trans- 
formation between eta brass and pure zinc is therefore assumed 
to be essentially the same no matter whether we start with the 
(00.1) or the (10.1) planes. 

We have now completely described a mechanism for all the low 
temperature transitions of the copper-zinc system. The outstanding 
feature of this mechanism is that it requires the existence of a 
centered rectangle whose orientation remains substantially unchanged 
in all the phases from 100 per cent copper to 100 per cent zinc, and 
whose dimensions do not change by more than a fourth of an atomic 
diameter in any single transition. Using the Automatic X-ray Dif- 
fraction apparatus, this constancy of orientation has been shown 
for thin films of pure copper, alpha brass, beta brass and pure zinc. 
It is, therefore, easy to assume it for the other phases (gamma, 
epsilon, and eta), which lie between beta brass and pure zinc. This 
mechanism is doubly convincing when we remember that (see 
Figs. 1 and 3) in the first 30 seconds of the diffusion process at 
198 degrees Cent., six of the total of seven phases® were found to 
be present. It is hardly conceivable that these various phases should 
have changed over so quickly and so easily as to give an almost 
perfectly oriented set of beta crystals unless there had been some 
configuration of atoms (e.g., the centered rectangle) which was 
common to all the phases. We feel that our conclusions may be 
safely applied to the case of metals in bulk, since Figs. 1, 2, and 3 
show that our thin films when scraped off their glass mountings 


have crystal properties identical to those of the bulk metals. 


*Within the precision of our data we could not distinguish with certainty between the 
eta phase and pure zinc. The interplanar spacings of some of the families of planes in the 
beta, epsilon, and gamma structures are so nearly the same that their strongest lines fall at 
the same place in the “powder” photographs. This accounts for some of the apparent 
lack of data on epsilon and gamma in Figs. 3 and 8. 
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DIMENSIONAL CHANGES ENCOUNTERED IN 
TUBE SINKING 


By Witttam Marsu Batpwin, Jr., AND THomas S. Howatp 
Abstract 


The wall thickness changes occurring during tube 
sinking were investigated for copper and a number of 
copper alloys. It was determined that wall thickness 
changes were affected by the magnitude of the reduction 
per pass, the relative thickness of the tube, and the 
temper of the metal, but were unaffected by the absolute 
dimensions of the tube, the metal itself, ‘Ge die contour 
or finish, and the lubrication. Siebel and Weber's theo- 
retical treatment was applied to the experimental data 
and gave qualitative agreement. A straight line relation 
was found to exist between the relative thickness ratio 
wall thickness/outside diameter) and the reduction in 
outside diameter up to 30-40 per cent reductions, which 
relation 1s followed not only by the data reported in the 
present paper, but by all the data on dimensional changes 
during tube sinking that are reported in the literature 
on lead, steel, 17S aluminum, and brass. 


INTRODUCTION 


HE principle of tube sinking consists essentially in drawing 

a tube or hollow cylindrical shape through a die without 
supporting the internal surface of the tube by means of a mandrel 
or plug. As a consequence of this lack of internal support, the tube 
wall is free to increase or decrease in thickness—increasing in the 
case of relatively thin-walled tube, decreasing in the case of 
relatively thick-walled tube. 

Experimental quantitative measurements of wall thickness 
changes have been made on hot sunk steel (1)*, lead, (2) 17S 
aluminum (3) and brass (3), (4), (5). Siebel and Weber (2) have 
attempted to develop a theoretical method by which the experimental 


*The figures appearing in parentheses refer to the bibliography appended to this paper. 
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data may be reproduced. The method is based on the observation 
by Ros and Eichinger (6) and by Lode (7) that the rates of strain 
in the three principal directions are proportional to the differences 
between the individual stresses in those directions and the average 
of the three principal stresses. Their procedure is accomplished 
in four steps: 

1. Equations for the three principal stresses are assumed. The 
longitudinal stress, S, (the stress lying parallel to the draw- 
ing direction) is expressed as: 















S: = more, €. 
E 











where Kaye is the average yield strength of the metal; E 
is the efficiency of the process, i.e., the ratio of the stress 
for a frictionless, loss-free drawing process, to the actual 
stress; and e is the principal deformation. The tangential 
stress, S;, by virtue of the constant flow stress principle, 1s 











where K is the yield strength of the metal. The radial stress, 
S;, is obtained as the product of the tangential stress and a 
function of the starting relative thickness ratio (i.e. the 
ratio of the wall thickness to outside diameter) which ratio, 
Siebel and Weber assumed constant throughout the sinking 
operation. 













Sr 





where ID is the inside diameter of the tube, and D,, is the 
mean diameter of the tube. The stresses are plotted graphi- 
cally as a function of the principal deformation, e prin. 

2. The three stresses are averaged and the differences between 
the individual stresses and the average stress are determined 
and plotted, as before, as a function of the principal de- 
formation, © prin. 

3. The largest stress difference existing at any given deforma- 

tion is divided into the other two stress differences. By the 
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Ro§S-Eichinger-Lode principle, the resulting quotient is the 
rate of the deformation occurring in a given direction with 
respect to the principal deformation, i.e., d&€min./d€prin, These 
rates are again plotted as a function of the principal de- 
formation € prin.- 

4. The areas under the rate curves are determined plani- 
metrically, giving the minor deformations as a function of 
the principal deformation according to the equation: 


° dé€min. 


dé€prin, 





= déprin. = Emin, 


Application of this method to their own experimental data on 
lead tube and to Pomp and Schylla’s experimental data on hot sunk 
steel seamless tube resulted in a family of curves passing near or 
through an incoherent set of experimental points (see inset to 
Fig. 4) thus failing to demonstrate as clearly as was possible the 
validity of their theory. 

The present paper attempts to determine whether wall thick- 
ness changes during sinking can be represented in a congruous 
manner, so that the general mechanism underlying dimensional 
changes can be discerned; further, it attempts to determine the 
effect of certain factors on wall-thickness behavior, and to develop 
graphical methods for the rational prediction of wall-thickness 
changes. 


PROCEDURE 


There are many variables that conceivably could affect the 
change in wall thickness on sinking. These variables include: the 
nature of the metal being sunk, 1.e., the alloy and its temper; the 
dimensions of the tube; the contour of the die; the surface con- 
ditions, i.e., the surface finish of the die and tube, the type and 
degree of lubrication; the speed at which the tube is sunk; the 
temperature at which the tube is sunk; and the reduction in out- 
side diameter effected by the operation. 

Variables were studied singly in one or more series of tests in 
which all other variables were held constant. For example, brass 
tubes (66.5 per cent copper, 0.5 per cent lead, balance zinc) identical- 
ly prepared, were sunk to the same outside diameter, at the same 
drawing speed, at room temperature, with the same lubricant, on 
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chrome-plated dies of varying contours: 14, 30, 55 degrees, total 
included angle conical dies, and different trumpet-shaped dies; a 
second series was carried out in the same manner as above except 
that no lubricant was used; a third series was conducted with the 
same'set of conditions as the first series, except that the tubes were 
sunk to a different outside diameter, etc. 

The tubes were measured before and after sinking. At least 
eight readings were made and averaged to give the values reported 
here. In those cases where the tube was too small or too thick to 
permit micrometer measurement of the wall thickness, this dimension 
was determined on a metallograph. 





RESULTS AND DISCUSSION 


The following variables were found to have a very slight or 
negligible effect on the change in wall thickness occurring during 
sinking; the alloy, the die contour, the die finish and the lubrication. 

For this phase of the work, copper, red brass (85 per cent 
copper, balance zinc) leaded tube brass (66.5 per cent copper, 0.5 
per cent lead, balance zinc) and antimonial Admiralty brass (71 
per cent copper, 1.05 per cent tin, 0.035 per cent antimony, balance 
zinc) were investigated. The wall thickness changes of all four 
alloys were practically the same. As will be brought out in a later 
section, the data for steel, lead, cartridge brass and 17S aluminum 
given in the literature follow almost the same curves as those ob- 
tained from the above copper alloys, so that it may be concluded 
that the effect of variation of alloy itself is small. 

The die contours used in the present investigation have already 
been listed. The conical dies were both plain steel (polished), and 
chrome-plated; the trumpet-shaped dies were plain steel, chrome- 
plated, and tungsten carbide. These contours and finishes, both with 
and without lubricant, were without effect on the wall thickness 
changes. Further, Siebel and Weber’s data on lead tube sunk with- 
out lubricant through both polished and rough steel dies will be 
shown to fit the same curves as those obtained in the present 
investigation. 

Tubes drawn with and without a commercial drawing lubricant 
(soap base with high free fat content) gave identical results. This 
is consistent with Remmers’ report (8) that two copper wires 
drawn with and without lubricant yielded “no measurable difference” 
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between the two contours of the butt ends of the respective wires. . . 
The factors that do influence the change in wall thickness are 
the temper or physical condition of the metal, the reduction in 
outside diameter effected in a pass, and the ratio of the wall 
thickness to the outside diameter, (G/OD). 
The effect of the temper of the metal is shown in Fig. 1 where 
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; Fig. 1—Effect of Temper on Dimensional Changes During Tube Sink- 
ing. (Copper). 


the dimensions of two pairs of tubes are plotted. One tube of each 
pair was soft in the original condition and was annealed before 
each pass, the other tube of each pair was hard and was not annealed 
between passes. The behavior of the hard and soft tubes is essen- 
tially the same up to the point where the relative thickness ratio of 
the tubes is 0.15 but beyond this point the wall of the hard tubes is 
reduced at a faster rate than that of the annealed ones. 

The effect of the second factor is seen in Fig. 2 where the 
dimensions of four pairs of tubes are plotted. One tube of each 
pair was sunk from one inch outside diameter to 0.500 inch in one 
pass while the other tube: of each pair was sunk in several small 
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passes, without intermediate annealing. The tubes sunk in several 
small passes have a greater wall thickness in every instance than 
those sunk directly. 

The effect of the G/OD ratio is illustrated in Fig. 3 where the 
dimensions of several tubes which have been given successive ten per 
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Fig. 2—Effect of Reduction per Pass on Dimensional 
(hanes fae Tube Sinking. (Tube Brass). 


cent reductions in outside diameter with intermediate anneals are 
plotted. There are several interesting points about this graph. It 
will be noticed that all the curves, if transposed along constant wall 
thickness/outside diameter ratio lines, can be superimposed to form 
a common curve. In other words, the absolute dimensions of the 
tube are of no consequence other than fixing the G/OD ratio. 
Further, it is seen that the data fit one master curve, whether they 
are for copper or for leaded tube brass. 

It is to be mentioned at this point that the accuracy of the ex- 
perimental data as presented in Fig. 3 is no greater than that re- 
ported by previous authors: the coherence of the master curve is a 
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result of the properties plotted, the quantity AG/G, employed by 
Siebel and Weber (see inset to Fig. 4) being overly sensitive. For 
example, a 1 inch by 0.040 inch tube on being given a 10 per cent 
reduction in outside diameter may possess a wall thickness of 0.0405 
inches to 0.0415 inches. Such variations consistently occurred despite 
all efforts to maintain sinking conditions as constant as possible. 
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Fig. 3—Effect of Dimensions on Wall-Thickness Changes During Tube Sinking. 
(Tube Brass and Copper). The experimental points when transposed along constant 
wall thickness/outside diameter ratio lines form one constant master curve. 


These dimensions will give values of 1.25 per cent to 3.33 per cent 

respectively for the quantity AG/G,—a variation comparable to that 

shown by the graphical representation made by Siebel and Weber. 
| Since, as was just seen, the reduction per pass has a definite 
| effect on the wall-thickness change, the master curve given in Fig. 3 
VE is valid only for 10 per cent reductions per pass. Master curves for 
25 and 50 per cent reductions per pass are given in Fig. 4. 

The application of Siebel and Weber’s theory (2) to these 
curves is of interest. To this end, it is advantageous to transfer their 
curves from (AG/G,) — (AOD/OD,) co-ordinates to those em- 
ployed in this paper, i.e., log wall thickness — log outside diameter 
co-ordinates. A simple method is one suggested by the constant de- 
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rivative method, described by von Karman and Biot (9) and is illus- 
trated in Fig. 4. For example, Siebel and Weber predict a 4.3 per 
cent wall-thickness change for a 10 per cent outside diameter change 
at 50 per cent drawing efficiency for a tube whose G/OD ratio is 
0.05 (see inset to Fig. 4). A number of straight lines representing 
these two simultaneous changes are constructed from the lines G/OD 
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Fig. 4—Experimental Master Curves for Dimensions of a Sunk Tube. The 


solid lines were obtained by Siebel and Weber’s method as described in the text. 


0.05 (Curve 1, Fig. 4.) Similar construction, always for a 10 
per cent outside diameter change, are made for other G/OD ratios 
and a line is drawn through these slopes. 

Direct application of Siebel and Weber’s method to 25 per cent 
and 50 per cent reductions per pass leads to an anomaly, however, 
since for the efficiencies obtained at such reductions, their theory pre- 
dicts that the tubes would break in tension. Accordingly, the actual 
stress-strain curves obtained during the sinking experiments were 
adopted and Siebel and Weber’s method was applied from this point 
on. Curves II, III and IV in Fig. 4 are for 10 per cent, 25 per 
cent and 50 per cent reductions in outside diameter per pass re- 
spectively. In the case of the 10 per cent reduction, the experimental 
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results are duplicated with good accuracy, but in the case of the two 
higher reductions considerable discrepancies appear. 

One difficulty in the application of Siebel and Weber’s method 
to heavier reductions in outside diameter is that, during such reduc- 
tions, the relative thinness ratio is affected considerably. For exam- 
ple, a 1 by 0.100-inch tube when sunk to one-half inch outside 
diameter will assume a 0.100-inch wall thickness—thus the G/OD 
ratio increases from 0.100 to 0.200 during the operation. In the 
Siebel and Weber method, however, the magnitude of the radial 
stress is obtained as the product of the tangential stress and a func- 
tion of a constant—(the starting )—G,/OD, ratio. The deviations 
thus incurred will be greatest for heavy reductions and for thick- 
walled tube. This effect may contribute to the explanation of the 
shallow descent of the theoretical curve as opposed to the steep de- 
scent of the experimental curve in the thick-walled regions. It will 
be noticed, furthermore, that the experimental curves rise more 
steeply in the thin-walled regions than do the theoretical curves— 
more steeply, indeed, than is predicted for the limiting case of tubes 
of infinitesimal wall thickness. It must be concluded that there are 
complexities to the problem which hinder the universal application 
of the Siebel and Weber method. 

The discussion thus far has been confined to operations involving 
a series of consecutive constant percentage diameter reductions. It is 
possible, however, to apply the experimental master curves to deter- 
mine the change in dimensions of a given starting size of tube where 
single sinking passes of varying degree are contemplated. Thus, the 
ready-to-finish dimensions of a tube may be assumed to be OD, and 
G,. The 10 per cent master curve is transposed along constant 
G/OD, lines until it is superimposed upon the point,, (OD,, G,). 
A point is taken from this curve at a distance of 10 per cent to the 
left of (OD,, G,), ie., at OD, = 0.90 OD,. Next, the 25 per cent 
per pass master curve is similarly superimposed on (OD,, G,) and 
a point is taken from this curve at OD, = 0.75 OD,. An identical 
construction is carried out with the 50 per cent pass master curve. 
Lastly, these points are connected by a suitable line. 

In Fig. 5, data obtained some ten years ago in our laboratories 
are plotted, showing the actual variations in dimensions for several 
starting sizes, using single sinking passes of varying amount. The 
smooth curves with arrows were constructed by the method described 
in the preceding paragraph applied to these same starting sizes. The 
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agreement between the actual and computed curves is very good 
throughout. 

To obtain the ready-to-finish dimensions of a tube, given the 
final tube dimensions, a reverse construction is carried out, points 
being laid off on the appropriate master curves at OD, = OD,/09, 
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Fig. 5—Dimensions Resulting From Sinking a Tube Different 
Amounts from a Given Size. Tubes of the dimensions given by the 
original point in each series were sunk directly to the outside diameter 
given by subsequent points. Solid line curves were constructed by 
manipulating the master curves given in Fig. 4, in’ the manner 
described in the text. 


OD, = OD,/0.75, and OD, = OD,/0.5, where OD, is the final 
outside diameter. 

The above methods of representation give coherent data and 
produce curves that are universally applicable, but they require ma- 
nipulation. A simpler method of representing the data was developed 
for more practical use. 

It will be noticed that the curves contained in Fig. 5 can be 
approximated within a segment representing a 40 per cent reduction 
of outside diameter by a straight line. The slopes of these straight 
line approximations vary with the G/OD ratio, or the log G/OD 
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ratio. Such approximations may be written in the form of an equa- 
tion for a straight line, viz., 


Log Go Lae G =" op Clow OD se —— TOG), | bccccccccccecccesave (1) 
m = f (log G./OD.). 


Equation (1) can be reduced to 


G OD. Go 
= — (m— 1) log Wee Sart, Se ee (2) 
OD OD OD, 

(m— 1) =f (log G./OD.), 











Le eg 


which is also the equation of a straight line when plotted on log 
G/OD — log OD,/OD coordinates. In this case, log G,/OD, is the 
intersection of the line and the log G/OD coordinate, and the slope, 
—(m — 1), is a function of log G,/OD,. From a number of con- 
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Fig. 6—Slope, (m—1), of Equation (2) in Text as a 
Function of the Starting Relative Thinness Ratio (Go/ODo). 
The solid line has been drawn from constructions made by 
manipulation of the experimental master curves given in Fig. 
4. The individual symbols have been taken from the ex- 
perimental curves given in Fig. 7. 


structions such as were carried out in Fig. 5, the values of m as a 
function of log G,/OD, were determined, and these were converted 
to values of (m — 1) as a function of log G,/OD,. The latter were 
plotted graphically as a solid line in Fig. 6. In Fig. 7, a number of 
straight lines have been constructed for different G,/OD, ratios with 
appropriate (m — 1) values. Also plotted in Fig. 7 are the experi- 
mental data for hot sunk steel (1), lead (2), 17S aluminum (3) 
and brass (3), (4), (5), tube as reported in the literature as well 
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as data for copper and brass developed in the present investigation. 
The data not only form straight lines, but these straight lines possess 
slopes consistent with those predicted. 

Attention is drawn to the data for lead where it is seen that the 
points for such tubes sunk without lubrication whether through 
polished or rough dies give coincident lines. 
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given by the individual symbols. Data 
for hot sunk steel is for 700, 800, 900 de 
grees Cent. with a 10-degree die angle. 


Data for lead is for both rough and pol- 
ished dies. 


The exact slopes of the experimental straight lines have been 
determined and have been entered as individual points in Fig. 6. It is 
seen that brass, copper and aluminum fall closest to, lead deviates 
slightly from, and hot sunk steel falls farthest from the solid line 
originally constructed. 
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SUMMARY AND CONCLUSIONS 


1. The wall-thickness changes occurring during tube sinking 
were investigated for copper and a number of copper alloys. 

2. The wall-thickness changes on sinking were found to depend 
upon (a) the temper of the metal, (b) the magnitude of the reduc- 
tion per pass, and (c) the relative thickness of the tube. 

3. The wall-thickness change was shown to be substantially in- 
dependent of the metal itself, the absolute dimensions of the tube, 
the die contour, the die finish and the lubrication. 

4. Siebel and Weber’s theoretical treatment was applied to the 
experimental results. While this treatment predicts’in general the 
type of curve experimentally determined, it has limited applicability 
for reasonably accurate prediction of wall thickness changes. 

5. A straight line function was found to exist between the rela- 
tive thickness ratio and the reduction in outside diameter for sunk 
tubes for reductions up to 30-40 per cent. 

6. Experimental data given in the literature for lead, hot sunk 
steel, 17S aluminum, and brass were found to conform to this straight 
line relationship. 

7. From the latter relationship, it was found that copper, brass 
and aluminum are almost identical in dimensional behavior, while hot 
sunk steel gives the greatest variance, and lead is of intermediate 
value. 
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DISCUSSION 


Georce Sacus:’ I would like to congratulate the authors for this interesting 
paper. I think it is quite a step forward that methods are being developed and 
experimentations are being carried on which will replace the purely empirical 
practices which are predominant at the present time. 

The authors have demonstrated that for a given reduction in outside diameter 
a thin-walled tube will suffer an increase in wall thickness while a thick-walled 
tube will suffer a decrease in wall thickness. They have similarly demonstrated 
that the reduction of outside diameter effected in a single pass is a decisive factor. 

I should like to inquire into the effect obtained when other factors are varied, 
namely, die contours, die materials and other factors which affect the frictional 
conditions of sinking. According to theory, I would assume that a die with low 
friction should yield thicker walls than a die with high friction. I,do not know 
exactly how the die contour would affect final wall thickness but it would be 
normal to expect that dies with acute angles would produce more friction than 
dies with a wide or open angle. One would expect slightly different conditions 
to exist, furthermore, between a carbide die and a steel die. These factors are of 
interest to people who are sinking tube to very close tolerances. 

Could the authors tell me whether there is any experimental material which 


would give some indication of the extent to which these variables affect wall 
thickness ? 


Authors’ Reply 


We wish to thank Dr. Sachs for his remarks. We believe that his questions 
can be best answered by referring to Fig. 7 in the paper where Pomp and 
Schylla’s experimental data for lead tube sinking are plotted. The points shown 
in Fig. 7 have been taken indiscriminantly from Pomp and Schylla’s graphs for 
tubes sunk through a polished die and tubes sunk through a rough die. It is 
seen from Fig. 7, that all points adhere to the same straight line. Similarly, the 
data for hot sunk steel given in Fig. 7 were taken from Siebel and Weber’s graphs 
for steel sunk through a 10-degree die at 700, 800 and 900 degrees Cent. (1290, 
1470 and 1650 degrees Fahr.). These points likewise adhere to one straight line. 
As mentioned in the paper, our experiments included tube sinking carried out 
with conical dies with 7, 15 and 35-degree half-angles, trumpet-shaped dies as 
well as tungsten carbide and chrome plated steel dies. We also sunk tubes 
with and without lubricant. The wall thickness obtained under these widely 
varying conditions were always duplicated within given limits of accuracy. For 
example, a l-inch by 0.040-inch tube when sunk to 0.900-inch outside diameter 
under a given set of conditions would yield a wall thickness of 0.0405 to 0.0415 
inches. The same tube sunk to the same outside diameter under a different set 
of conditions would yield a wall thickness lying between these same two limits. 

We agree with Dr. Sachs that on the basis of theoretical considerations one 
would expect differences in the resulting wall thickness when such factors as die 
contour, lubrication, etc., are varied, and we must admit that we were quite 
surprised to find these variables had such little effect. In this respect, it should 


1Professor of physical metallurgy, Case School of Applied Science, Cleveland. 
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be pointed out that Siebel and Weber’s theoretical treatment predicts that such 
factors would effect wall thickness changes. 

There are a few abnormal conditions which have prevented effect upon 
dimensional changes in tube sinking which were discovered by chance by the 
authors after the present report had been completed. Two examples will be 
cited. A copper tube when sunk in successive 10 per cent reduction in outside 
diameter gave wall thickness values considerably below those shown by the 
master curve given in Fig. 3. Subsequent examination showed the copper to have 
been severely attacked by hydrogen embrittlement. A second copper tube 
when sunk under similar conditions gave irregular results with regard to wall 
thickness changes. Subsequent investigation showed this tube to be composed 
of abnormally large grains of such dimensions as to fill the entire wall thickness. 
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A METALLOGRAPHIC STUDY OF THE DECOMPOSITION 
OF AUSTENITE IN MANGANESE STEELS* 


By JoHN V. RussELL AND Francis T. McGuire 
Abstract 


The beginning of the martensite transformation, Ar”, 
has been determined for steels between 1 and 11 per cent 
manganese in three carbon sections: 0.50, 0.80 and 1.0 
per cent. End quenched hardenability data are presented 
as well as the “S-curves” of three steels in the 0.5 per 
cent carbon section. The effect of manganese on the 
“S-curve”’ has been shown to move both the beginning 
and ending curves to the right, but the influence 1s 
greater on the ending. No rapid intermediate transfor- 
mation has been detected. The carbides formed by 1so- 
thermal transformation have the crystal structure of Fe,C. 


en as an alloy addition to steel was systematically 
studied as early as 1888 by Hadfield (1)7. At that time low 
carbon ferromanganese was not available and as a consequence the 
higher manganese steels also contained high percentages of carbon. A 
direct outcome of this research was Hadfield’s austenitic manganese 
steel. 

In recent years the influence of alloy additions to steel has 
come to the fore. The work of Davenport and Bain (2) demon- 
strated that the decomposition curves of austenite in a eutectoid 
steel at sub-critical temperatures follow the general shape of an 
“S” with the “knee” of the “S” around 500 to 550 degrees Cent. 
(930 to 1022 degrees Fahr.). The further the beginning curve is 
moved to the right on the time axis by alloy addition or other 
factors, the longer is the time for beginning of isothermal trans- 
formation or, as shown by Grange and Kiefer (3), the slower can 
be continuous cooling without formation of primary troostite. 


tThe figures appearing in parentheses pertain to the references appended to this paper. 


*Much of the material in this paper is from a thesis submitted by Mr. Russell in 
partial fulfillment of the requirements for the degree of Master of Science, University of 
Kentucky, June, 1943. 





A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. Of the authors, John V. Russell 
is metallurgist, South Chicago Plant, Republic Steel Corp., South Chicago, IIL., 
and Francis T. McGuire is associate professor of physical metallurgy, Univer- 
sity of Kentucky, Lexington, Ky. Manuscript received June 21, 1943. 
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Davenport (4) in the Howe Lecture emphasized that alloy additions 
may not only displace the curves, but also open bays and distort their 
shape. Alloys which retard reaction at Ar’ may not do so at lower 
temperatures and combinations of alloy additions do not have a 
simple additive effect on the decomposition characteristics of austenite 
at sub-critical temperatures. 

One of the prime functions of alloy additions to constructional 
steels is to decrease the critical cooling velocity which is that veloc- 
ity just sufficient to suppress the formation of primary troostite on 
continuous cooling. If the austenite phase does nct form troostite on 
quenching and no fast intermediate reactions a > encountered the 
martensite formation will begin at a temperatu > known as Ar”, 
Greninger (5) proved that with cooling velocitic ; as high as 4000 
degrees Cent./sec. the temperature at which i is transformation 
begins is independent of the rate of cooling. Greninger and Troiano 
(6) among others have shown that Ar” is a function of carbon 
content. They likewise noted that martensite forms very rapidly 
but only while the temperature is lowered. It is not a time, but 
a temperature dependent reaction and for this reason does not 
properly belong on the “S-curve’’ unless some schematic represen- 
tation of the conditions such as suggested by Conen (7) is employed. 

In most hardening heat treatments it is lesirable to obtain a 
fully martensitic structure prior to tempering. The advantages have 
been summarized by Bain (8). To obtain a trully martensitic struc- 
ture a steel must be quenched at such a rate that the slowest cooling 
section avoids transformation to some primary troostite or inter- | 

| 





mediate product. The temperature at which Ar” occurs is important 

since if this is near room temperature a mixture of retained austenite 

and martensite will result. Lowering the specimen temperature by 

refrigeration or other means is the only practical way to cause the 

austenite — martensite transformation to proceed. This transforma- 

tion can also be accomplished by plastic deformation. This has 

application only in entirely austenitic steels such as the 18-8 variety 

of stainless steel or the Hadfield type. In some steels as reported 

by Gulyaev (9), Gordon and Cohen (10) and Troiano (11) aging at 

room temperature has a stabilizing effect on austenite and lowers Ar” 

in steels which begin to form martensite below room temperature. It 

is important therefore in practical heat treatment to recognize this 

effect if refrigeration is to be employed to further the transformation. . 
Little data are available on the influence of manganese on the | 
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“S-curves’. Wever and Mathieu (12) have reported an intermediate 
region of rapid transformation velocity in a low carbon and a low 
manganese series. These investigators used magnetometric determina- 
tions and were mainly concerned with the maximum transformation 
velocity. This is the slope of the tangent to the reaction rate curve 
at its steepest portion. The beginning and ending “S-curves” may 
not necessarily give an indication that this intérmediate transforma- 
tion occurs. In the region of fast maximum velocity some of the 
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Fig. 1—-Temperature in Degrees Cent. of Previous Ar” 
Determinations. 


“S-curves” of equal increments of transformation will converge. 
Magnetometric methods for determining reaction rate curves are 
open to important criticism. The shape and distribution of the 
product formed as well as its amount affects the observed magnetic 
quantity, thus while the beginning and ending points obtained with 
sensitive equipment might agree with data from other methods the 
general shape of the reaction rate curve would not. 

European metallurgists prefer to report some average or maxi- 
mum of the transformation velocity of the austenite — ferrite + car- 
bide reaction at various sub-critical temperatures. One cannot derive 
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an “S-curve” from this information since neither average nor maxi- 
mum velocity supplies the necessary data. 

The Ar” temperatures of some manganese steels have been re- 
ported by Wever and Mathieu (12), Scott and Hoop (13), and 
Jellinghaus (14). Fig. 1 is a compilation of reported Ar” values 
prepared by Wever and Mathieu (12) with supplementary data from 
the work of Troiano and McGuire (15) on the iron-manganese sys- 
tem together with present determinations. Microscopic data over a 
wide range of compositions in definite carbon sections are not avail- 
able, and the object of this research was to determine the influence 
of manganese on Ar” and the “S-curve”. 


EXPERIMENTAL METHODS 


The present investigation was on steels made in a size “U” 
Moore Rapid Lectromelt furnace from Armco scrap, electrolytic 
manganese, and ferromanganese according to standard basic electric 
furnace practice. Four ingots each weighing about 60 pounds were 
cast from a heat with the carbon held constant and the manganese 
increased by additions of electrolytic manganese and ferromanganese 
prior to each tap. The compositions of the steels made are listed in 
Table I. In the numbering system the first two numbers show the 
amount of manganese in per cent while the last two indicate tenths 
of per cent of carbon. 


Table I 


Steel ; Mr P S ; Ni : Agee 
0105 51 : 0.04 0.C4 0: 0.018 
0205 : i 0.04 0.04 5 as ad 0.016 
0405 aed ; 0.03 0.03 ; sie he 0.012 
0506 9 ‘ 0.04 0.03 bina pat di whats 
0706 58 wor ae 

0905 i 0.04 0.02 

1105 us oF 0.04 0.02 

9.01 0.03 0. 0.011 
0.02 0.03 .03 0.011 
0.02 0.02 " .03 0.020 


0108 
0208 
0408 
0508 
0608 
1008 


COIN 
mr nhnru 


0.05 0.20 
0109 .87 ; 0.01 0.05 
0210 .05 ; 0.06 0.17 
0310 .05 ’ 0.02 0.04 
0510 .07 5.5 0.06 0.13 
0610 .07 " 0.06 0.07 
1010 .05 5; 0.04 0.02 
~ *Trace. 

**Total aluminum. 
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The ingots, 12 inches high by 4 inches square, were cast big end 
up with a hot top. All were forged at 2000 degrees Fahr. (1095 
degrees Cent.) with a 1500-pound steam hammer to 134-inch square 
bars which were subsequently softened by austempering according 


to the schedules given in Table II. No difficulty was encountered in 
forging these steels. 





Table Il 
Softening Treatments 
Tempering Time Hardness 
Steel Temp., ° F. Hours Re 
0105 1100 72 10 
0205 1100 48 13 
0405 1100 72 16 
0506 1100 112 22 
0706 1100 72 39 
0905 1100 212 32 
1105 1100 212 35 
0108 1200 8 13 
0208 1200 8 20 
0408 1100 20 21 
0508 1100 20 21 
1008 1100 48 38 
0109 1100 72 20 
0210 1000 48 26 
0310 1100 72 20 
0510 1000 48 32 
0610 1000 48 38 
1010 1106 120 40 


Center sections of the bars were used for the study and were 
machined to 0.4-inch square rods for Ar” determination. These 
were homogenized and the treatments are listed in Table III. 


Table Ill 














Homogenization Treatment Prior to Ar” Determination 
Temperature Time 
Steel 7 Hours 
0105 2000 4 
0205 2100 5 
0405 2000 8 
0506 2200 9 
0706 2200 8 
0905 2200 15 
1105 2200 12 
0108 1650 4 
6208 1650 4 
0408 2000 5 
0504 2000 5 
1008 2200 15 
0109 2000 5 
0210 2000 5 
0310 2000 6 
0510 2000 6 
0610 2200 6 
1010 2200 16 








| 
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Determination of Ar” 


The metallographic technique developed by Greninger and 
Troiano (6) was used for determining Ar”. This method, though 
tedious, was selected because of the ease of unambiguous interpreta- 
tion and the relatively simple apparatus required. 


Furnaces were placed close together and controlled to + 2 de- 
grees Fahr. Martensite formed between Ar” and any particular 
bath temperature was tempered for 10 seconds in a second furnace at 
600 degrees Fahr. (315 degrees Cent.). Low temperatures were 
obtained with dry ice and acetone mixtures or liquid nitrogen. 
Microscopic examination for tempered martensite was made after 

3 


removal of 0.030 inch from the surface of # x 7; x 7% inch 


specimens. 
Determination of Hardenability 


Separate sections of the bars of 0105, 0205, 0405, 0108, 0208 
and 0408 were homogenized at 2250 degrees Fahr. (1230 degrees 
Cent.) for 3 hours and air-cooled. Softening treatments were fol- 
lowed as stated in Table II. Bars one inch in diameter were turned 
for standard end-quench hardenability determination. Quenching 
was from 1550 degrees Fahr. (845 degrees Cent.) for all these steels 
and Rockwell “C’’ hardness was measured at sixteenth-inch intervals 
with a special indexing jig. 


Determination of “S-curves” 


Specimens 3°; X ;°g X 7s inch with the longitudinal surface pre- 
pared for polishing were machined from hardenability bars and the 
spare l-inch diameter stock. All specimens were austenitized at 1650 
degrees Fahr. (900 degrees Cent.) for one-half hour in a dry nitrogen 
atmosphere and were quenched into lead baths at temperatures from 
660 to 1200 degrees Fahr. (350 to 650 degrees Cent.) and Wood's 
metal at 500 degrees Fahr. (260 degrees Cent.). The molter metal 
baths were controlled to + 5 degrees Fahr. and surface oxidation 
was minimized by a bath covering of charcoal. The time at various 
temperatures was recorded from immersion and the actual time at 
temperature was from 1 to 2 seconds less than plotted. The begin- 
ning curves represent about 1 per cent and the ending curves 99 per 
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cent decomposition. The A, and A, transformation temperatures 
were determined microscopically after treating specimens for 3 hours 
at various temperatures. 


X-Ray Diffraction 


Small slivers 3'5 inch in diameter and 5@ inch long were used for 
carbide study. They were etched in a 2 per cent aqueous solution 
of HCl to dissolve ferrite preferentially. This technique developed 
by Troiano (16) increases carbide concentration on the surface. 
This process must be closely controlled in order to avoid anodic 
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Fig. 2—Ar” Curves. 


oxidation of the specimen. Diffraction patterns were made with 
filtered chromium radiation from a Baird gas type X-ray tube. Debye 
cameras of 11.4 cm diameter were used. 


RESULTS 


Ar” 


The potent effect of manganese in lowering Ar” is clearly shown 
by Fig. 2. The dip downward in the 0.80 and 1.00 per cent carbon 
sections is real and not the result of aging. Extrapolation of the 
curves to zero manganese gives values for iron-carbon alloys in good 
agreement with the data of Greninger. The results are summarized 


in Table IV. 
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Steel 
0105 
0205 
0405 
0506 
0706 
0905 
1105 











0108 
0208 
0408 
0508 
0608 
1008 



















Fig. 3—Photomicrograph of Steel 0510. 
pered at 300 Degrees Cent. for 5 
Fig. 4—Photomicrograph of Steel 0510. 


Quenched and Quickly Transferred to a Bath at - 
: Minutes and Water-Quenched. Nital Etched 
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1150 Degrees Cent. 
Quenched. 120 Days at Room Temperature Then Cooled to - 


Minutes and Water-Quenched. 


1150 Degrees Cent. for 
80 Degrees Cent. 


Ar” for Manganese Steel 


Austenitizing 


remp., 
1650 
1650 
1650 
1650 
1650 
1650 

1830 


1650 
1650 
1650 
1650 
1830 
1830 





0109 
0210 
0310 
0510 
0610 
1010 


*Wood’s metal. 
**Liquid nitrogen. 
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Austenite Stabilization Study 


The influence of time at room temperature on Ar” was studied 
in steel 0510 which begins to form martensite at —38 degrees Fahr. 
(—36 degrees Cent.). The temperature of Ar” was found to be the 
same in a steel quenched into a solution of 10 per cent NaOH in 
water and rapidly transferred to a refrigerated acetone bath as one 


aged 120 days at room temperature prior to refrigeration. The 





Fig. 5—Photomicrograph of Steel 0405. 900 Degrees Cent. for 30 Minutes — 400 
Degrees Cent. for 5 Minutes — 210 Degrees Cent. for 5 Minutes — 400 Degrees Cent. 
for 1 Minute — Water-Quenched. Nital Etched 75 

Fig. 6—Photomicrograph of Steel 0405. 900 Degrees Cent. for 30 Minutes — 210 
Degrees Cent. for 5 Minutes — 400 Degrees Cent. fer 1 Minute — Water-Quenched. 
Nital Etched. > im 


amount of martensite between Ar” and —110 degrees Fahr. (—79 
degrees Cent.) was about the same in both as illustrated in Figs. 
, 
3 and 4. 

Aging at 750 degrees Fahr. (400 degrees Cent.) for 5 minutes 
did not influence Ar” in steel 0405. Photomicrographs of the aged 
and directly quenched specimens are shown in Figs. 5 and 6. These 
indicate that the amount of martensite formed is likewise unaffected 


by aging. 
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Fig. 7—End-Quenched Hardenability Curves of Steels 0105, 0205, and 0405. 
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Fig. 8—End-Quenched Hardenability Curves ot Steels U1U8, 0208, 0408 










Hardenability 


The end quench hardenability curves of 0105, 0205, 0402, 0108, 
0208 and 0408 are illustrated in Figs. 7 and 8. Calculated ideal crit- 
ical diameters from the chemical analyses using Grossmann’s factors 
(17) agree within limits of the method with observed values. The 


summary of these calculations is shown in Table \ 
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Table V 
Observed and Calculated Ideal Critical Diameters 


Steel Grain Size Di (calc.) Di Cobs.) 
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ig. 9—“*S-Curve’’ of Steel 0105. 
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“S-Curves”’ 







The effect of manganese on the “S-curve’’ is to move both the 
beginning and ending curves to the right as shown in Figs. 9, 10 and 





ll. The effect is much greater on the ending curve than on the 






beginning. With 4 per cent manganese the curves become severely 
distorted from the general “S” shape. In 0405 isothermal decom- 
position begins at about the same time at 707 degrees Fahr. (375 de- 
grees Cent.) as at 1020 degrees Fahr. (550 degrees Cent.) but the 
time for completion at the lower temperature is much longer than at 
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1020 degrees Fahr. The products formed at various isothermal 
temperatures in steels 0105 and 0205 follow the general structures 
noticed in plain carbon steels. The microstructures resulting from 
isothermal transformation of 0405 differ in many respects. In Figs. 
12 to 16 are shown some of the products. 
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‘ig. 10—‘S-Curve” of Steel 0205. 
Carbides 


Carbides analogous to those in chromium steels have been re- 
ported in the manganese-carbon system by Westgren (18, 19). He 
stated that manganese carbides decompose rapidly on exposure to 
water and atmosphere. The technique employed in the present 
study might not be satisfactory for preserving any manganese carbide 
for a time long enough to obtain a diffraction pattern. As shown in 
Table VI only carbides of the Fe,C type have been noted and it is 
emphasized that the manganese content could not be determined. 
The position of lines near back reflection was about the same in all 
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patterns but their quality did not allow for precise parameter deter- 
mination. 


Table VI 
Carbide Study 


Tre atment Carbide Type 
1650° F.—¥% Hr. > 575° F.— 60 Hrs. Fez,C 
1650° F.—% Hr. > 750° F.— 40 Hrs. FesC 
1650° F.—% Hr. > 930° F.— 44 Hrs. 
1650° F.—™% Hr. > 1000° F.— 48 Hrs. 
1850° F.—¥% Hr. > 1100° F.—120 Hrs. 


O4OS 
Caroon 0.53% 


o 
% 


S 
Temoerature. C 


Ys 
s 
& 
g 
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“S-Curve” of Steel 0405. 


DISCUSSION 
“S-Curves” 


In the Howe Lecture of 1932 Bain (20) discussed the influence 
of manganese on isothermal reaction at two different temperatures. 
The products formed at temperatures above Ar’ were similar in all 
the manganese series. This observation has been confirmed. Below 
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the Ar’ range the microstructure of the products formed is affected 
by manganese. Often as many as three different microconstituents 
are evident in one specimen. This is clearly shown in Fig. 14 of a 
4 per cent manganese steel reacted at 750 degrees Fahr. (400 degrees 
Cent.) for 40 minutes. The nodular product is absent in the micro- 





Fig. 12—-Photomicrograph of Steel 0405. 900 Degrees Cent. for % Hour — 260 
Degrees Cent. for 11 Hours and Water-Quenched. Nital Etched. x 1000. 


Fig. 13—Photomicrograph of Steel 0405. 900 Degrees Cent. for % Hour — 350 


Y 


Degrees Cent. for 14 Days and Water-Quenched. Nital Etched. X 1000. 


structure of the steel reacted at 650 degrees Fahr. (350 degrees 
Cent.) (Fig. 13). The acicular ferrite in Fig. 13 precipitates after 
the granular product and concentrates in the last region to go to 
completion in a banded structure. At 500 degrees Fahr. (260 degrees 
Cent.) the product is entirely different and is similar to “Lower 
Bainite” of plain carbon steels. The product formed throughout the 
period of reaction has this same microstructure. 


Ar” 


It is clear that austenitic steels can be made with many combina- 
tions of manganese and carbon. With 1.0 per cent carbon a 6 per 
cent manganese steel would be austenitic at all normally encountered 





sto lt. tii GMAT ie tt i i 


re a 


ee aemenecasii ae 
S : an 





aT ean ee 





1944 MANGANESE STEELS 117 


sub-atmospheric temperatures. To obtain Ar” of about 32 degrees 
Kahr. (O degrees Cent.) the manganese content must be doubled 
when the carbon content is halved. The unit lowering of Ar” by 
manganese is greater when added in amounts over 6 per cent on the 
0.8 and 1.0 per cent carbon steels. 





Fig. 14—Photomicrograph of Steel 0405. 900 Degrees.Cent. for % Hour — 400 
Degrees Cent. for 40 Minutes and Water-Quenched. Nital Etched. * 1000. 

Fig. 15—Photomicrograph of Steel 0405. 900 Degrees Cent. for % Hour — 500 
Degrees Cent. for 1 Hour and Water-Quenched. Nital Etched. x 1000. 


Austenite Stabilization 


The absence of a noticeable aging effect in the manganese steels 
precludes any explanation for this phenomenon based on relief of 
quenching stresses. To date no satisfactory reasons have been pub- 
lished as to the cause of stabilization. It is not known if this effect 
is present in the austenitic nickel steels. It is hoped that investigators 
of other systems will look for this effect since it is of importance in 
certain practical heat treatment. 
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Fig. 16—Photomicrograph of Steel 0405. 900 Degrees Cent. for % 
Hour — 650 Degrees Cent. for 80 Hours and Water-Quenched. Nital 


Etched. X 1000. 


Carbides 


Although the authors in this limited survey study report no car- 
bides other than those of the Fe,C type, it is acknowledged that a 
small amount of carbides of another structure might be unnoticed by 
X-ray diffraction methods. The possibility of decomposition of car- 
bides in water or the atmosphere must likewise be taken into account. 


Hardenability 


The agreement with Grossmann’s data is satisfactory. How- 
ever, the present data indicates that the manganese factor curve is 
not a straight line but rather curves upward as was noted for nickel 
by Edson (21). Additional experimental work would be necessary 
to extend the manganese factor curves of Grossmann. This is not 
meant as a criticism of Grossmann’s data since he did not intend 
his factor to be used above about 1.5 per cent manganese. 
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SUMMARY 


The effect of manganese on Ar” has been determined. 

No noticeable stabilizing effect by room temperature aging has 
been noticed on the austenite — martensite transformation. 

The carbides present in the steels studied have the crystal struc- 
ture of iron carbide (Fe,C). 

Grossmann’s factors have been found to give calculated ideal 
critical diameters, for steels up to 1.55 per cent manganese, which 
agree well with those determined from end-quench hardenability data. 

The “S-curve” is markedly affected by manganese. Its influence 
is far greater on delaying the ending of transformation. The struc- 
tures formed above 900 degrees Fahr. (480 degrees Cent.) are either 
primary troostite or an aggregate of ferrite and pearlite. Below 900 
degrees Fahr. in the higher manganese steel as many as three distinct 
microstructures are formed at one temperature. 
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DISCUSSION 

Written Discussion: By Charles Nagler, metallography instructor, Uni- 
versity of Minnesota, Minneapolis, Minn. 

The authors are to be complimented for the nice piece of work which they 
did in their study of austenite decomposition in manganese steels. In reading 
the paper a statement on page 105 is “Magnetometric methods for determining 
reaction rate curves are open to important criticism. The shape and distribu- 
tion of the product formed as well as its amount affects the observed magnetic 
quantity, thus while the beginning and end points obtained with sensitive equip- 
ment might agree with data from other methods the general shape of the 
reaction curve would not.” It is the opinion of the writcr on the basis of many 
hundreds of austenite transformation curves determined by a magnetometric 
method, and checked by microscopic examination, that good correlation between 
the two methods can be had for all points along the isothermal transformation 
curve determined for any subcritical temperature. The writer, in a publication 
which appeared in the Transactions of the A.S.M. for June 1942, described 
a magnetometric device which was used for transformation studies. The studies 
were made on cast irons as the writer was interested in studying isothermal 
transformation rates in cast iron rather than in steel. As far as the actual 
transformations are concerned they are the same; the austenite being quenched 
to some subcritical temperature is held at that temperature until transformation 
is completed. 
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A—Isothermal Transformation Curve for 
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In Fig. A is illustrated a typical transformation curve for a cast iron of 
the following analysis: Carbon 3.04, silicon 1.83, manganese 0.72, phosphorus 
0.212, sulphur 0.072, and molybdenum 0.149 referred to on the figure as Heat 
No. 357. After this curve had been determined by the magnetometric method 
samples of the same cast irons were transformed for times indicated by different 
positions taken along the curve, and the amount of acicular troostite formed 
; for each time interval estimated microscopically and this amount checked against 
that determined from the curve determined by the magnetometric method. 
Fig. A is taken from a paper which the writer is preparing covering additional 
studies which he carried out to prove the validity of the magnetometric method 
for determining austenite transformation rates. 

Written Discussion: By Eugene P. Klier, assistant instructor, University 
of Notre Dame, Notre Dame, Ind. 

The authors indicate that the work of Wever and Mathieu’ was confined 
to low carbon, low manganese steels. This, however, is erroneous. Wever and 
jl Mathieu studied 19 steels concentrated between 1.81 and 4.80 per cent manganese, 
13 of which ranged between 0.30 and 1.38 per cent carbon, only 6 contained less 
than 0.30 per cent carbon. Examination of Fig. B will indicate how thoroughly 
the manganese steels were covered. It can be seen that numerous steels of 
hypereutectoid as well as hypoeutectoid composition were investigated. 


tWever and Mathieu, Mitteilungen aus dem Kaiser Wilhelm Institut fiir Etsenforschung, 
Vol. 22, 1940, p. 9-18. 
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Fig. B—Transformation Curves for the Manganese Steels. 


The curves plotted in Fig. B are reaction rate curves and indicate the 
maximum reaction rate at temperature. Such representation is one of conven- 
ience and does not include the course of the isothermal transformation; however, 
neither does it include certain errors of representation as is common for 
S-curves. 

The divergent views of the authors and Wever and Mathieu with respect 
to a second region of fast reaction can only in part be attributed to a difference 
in experimental technique. Thus the authors’ Fig. 10 indicates a region of 
maximum average reaction rate at 400 degrees Cent. (750 degrees Fahr.), which 
is in quite good agreement with the results of Wever and Mathieu for an almost 
identical steel. The S-curve presented in Fig. 11 indicates an average reaction 
rate at 260 degrees Cent. (500 degrees Fahr.) greater than any average rate 
between 260 and 400 degrees Cent. (500 and 750 degrees Fahr.). 

The authors indicate that the magnetometric method for the determination 
of S-curves is open to serious question. The results presented in Fig. C indicate 
that this objection is invalid, while the work of Wever et al.*** indicates 
good agreement with this method of dilatometric and electrical resistance 
measurements. 


2Wever and Lange, ibid, Vol. 14, 1932, p. 72-83. 
3Wever and Jellinghaus, ibid, Vol. 14, 1932, p. 85-89. 
*Wever and Jellinghaus, ibid, Vol. 15, 1933, p. 167-177. 
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Fig. C—Transformations of the Steel Mn3305 Between 625 and 
320 Degrces Cext. 


Oral Discussion 
H. H. Curtswik:’ I would like to ask the authors whether increased 
amounts of manganese (above 4.00 per cent), and possibly wider variations in 
the carbon content, could be expected to produce an “intermediate” transfor- 
mation in the S-curve? I think the German investigators referred to by the 
authors did find an “intermediate” rapid transformation zone at certain man- 
ganese and carbon contents. 


Authors’ Reply 


In reply to Mr. Chiswik, the authors wish to state that they do not dispute 
the data of Wever and Mathieu. The German investigators reported the effect 


5Research metallurgist, Battelle Memorial Institute, Columbus, Ohio. 
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of manganese and carbon on the maximum transformation velocity whereas in 
this paper the effect of manganese on the conventional S-curves has been pre- 
sented. Fig. 2 may serve to illustrate the two points of view. The graph is a 
hypothetical reaction rate curve in which one phase transforms to two different 
microconstituents. The curve starting at A and ending at E represents the 
amount of decomposition as a function of time. It is obvious from the shape 
Each of the products has its own reaction 
rate curve and it is important to note that reaction 1 does not cease when 
reaction 2 commences. 


that there are two products forming. 


The data most often reported in American literature is the time for begin- 
ning and ending. European metallurgists generally study transformation ve- 
locity. Wever and Mathieu reported maximum transformation velocity which 


100 


8 


2 
g 


Time 
Fig. D 


is the tangent of the angle Beta. The average transformation velocity is the 
tangent of the angle Alpha. From a theoretical viewpoint neither beginning 
and ending points, maximum nor average transformation velocities supply suff- 
cient data for study of reaction kinetics. The entire curve is essential. From 
a practical viewpoint the beginning and ending time is of most significance. It 
can be seen in Fig. 10 of the paper that the temperature of maximum average 
velocity is about 842 degrees Fahr. (450 degrees Cent.). This is the temperature 
for which Wever and Mathieu report the highest value of maximum transfor- 
mation velocity. Since the decomposition of austenite results in one micro- 
constituent at this temperature, the temperature of both maxima should agree. 

Professor Nagler writes in defense of the magnetic method and the authors 
do not wish to imply that his technique is not valid in most instances. It 
certainly has the advantage of minimum work since a single speciraen suffices 
for one curve while as many as thirty are often necessary with the microscopic 
method. It is felt, however, that the observed magnetic quantity can be made 
to vary by simply changing the size, shape, and distribution of the precipitated 
phase—not to mention mechanical strain. Magnetic or any other technique 
should be checked with microscopic data. If the magnetic apparatus is suff- 
ciently sensitive the beginning and ending points should agree but in some 
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instances the curve such as AE in Fig. D of the discussion might have a 
slightly different shape. 

Klier’s discussion was received late and is answered in part by the above 
treatment of reaction rate curves. The authors meant to imply that the data 
of Wever and Mathieu indicate that the general trend toward low manganese 
and low carbon gives a strong intermediate reaction and not that they used only 
a low carbon-low manganese series. It can be seen from Fig. B that in a low 
manganese section or a low carbon section one gets a strong intermediate. The 
combination of high carbon and high manganese does not show it. 

The authors selected a steel similar to the Wever and Mathieu 2005 in 
order to see if the region of rapid transformation velocity in the intermediate 
range would show up as a shelf projecting toward zero time on the S-curve. 
This is important since it affects the products formed in a “slack quench.” One 
cannot at all predict from the data of Wever and Mathieu whether this is the 
case. 

It can be seen in Fig. C that the maximum transformation velocity in 
Fig. 5 (500 degrees Cent.) is about equal to that in Fig. 7 (450 degrees Cent.). 
However, at 500 degrees Cent. the reaction is completed in 90 minutes whereas 
at 450 degrees Cent. (840 degrees Fahr.) it is only 35 per cent complete in that 
time. This example from the Wever and Mathieu work shows the limitation of 
the maximum transformation data. It gives no indication of the time required 
for beginning or ending at all temperatures. The above comparison is between 
the troostite and intermediate reactions. The case is even more complicated if 
more than one transformation product is formed. The present paper has clearly 
demonstrated that one can have the rapid maximum transformation velocity 
without a displacement of the S-curve to the left. 

The question of accuracy of various experimental methods cannot be an- 
swered by simply referring to Fig. C. Actually the quantity observed by any 
of the present methods is not weight or volume per cent but some fraction of 
another measured quantity which requires deductive reasoning to relate it to the 
amount of decomposition. The objection to magnetometric technique is a finely 
drawn one and it is heped that readers will accept it in that light. For a cer- 
tainty the microscopic method is poor for judging amounts first because only a 
small area of one plane is studied and second because of the difficulty of 
measurement. Because of this great limitation, no attempt was made to plot 
reaction rate curves 

The authors are well aware of the limitations of the S-curve method of 
presenting austenite transformation data. However, one can obtain from the 
S-curve the beginning and ending time (of very practical importance), the 
average transformation velocity, as well as a prediction of the products formed 
on cooling at rates less than the critical cooling velocity. Actually the best 
method of presenting data would be to plot the complete reaction curve at each 
isothermal temperature. 








THE MICROHARDNESS TESTER AS 
A METALLURGICAL TOOL 


By CoNnsTANCE B. BropIEe 


Abstract 


The microhardness tester has been developed as a 
useful metallurgical tool. The procedure for using the 
instrument and its applications are described. Small 
samples, e.g., 0.20 millimeter wire, and minute areas in 
alloys, e.g., a few hundredths of a millimeter wide, can 
be tested. A table comparing the Knoop hardness with 
Rockwell and diamond pyramid hardnesses is given. The 
recommended minimum spacings for indentations are also 
tabulated. Photomicrographs are used to illustrate vari- 
ous applications. 


ARDNESS determination is one of the oldest of metallurgical 
tests ; recently a new instrument for measuring microhardness 
has made its appearance’ and is rapidly assuming considerable im- 
portance in metallographic investigations. The hardness of indi- 
vidual phases in an alloy, the hardness of thin sheets or wires, a 
microscopic survey of the hardness variations in a weld are represen- 


tative of the types of determinations of hardness that can now be 
made with a microhardness tester. A report on the uses of such an 
instrument is made herein for the benefit of those who may not be 
familiar with this new metallurgical tool. 


PROCEDURE 


The instrument used for this work was the Tukon Tester, 
described by the Wilson Company in their publications, and by 
Knoop, Peters, and Emerson.’ A picture of the equipment is shown 
in Fig. 1. The mechanical operation of the machine is simple and 
has been adequately described elsewhere,’ and therefore, the details 
will not be given here. The load is applied for twenty seconds 
through a diamond indenter shown schematically in Fig. 2. The 


1A Sensitive Pyramidal-Diamond Tool for Indentation Measurements, F. Knoop, C. G. 
Peters, and W. B. Emerson; Journal of Research of the National Bureau of Standards, 
Vol. 23, July 1939. 


“Chauncy G. Peters and Frederick Knoop; ‘‘Metals in Thin Layers—-Their Micro 
hardness”, Metals and Alloys, Vol. 13, 1940, p. 292. 

A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. The author, Constance B. 
trodie, is associated with the Research Laboratory, General Electric Co., 
Schenectady, N. Y. Manuscript received June 24, 1943. 
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MICROHARDNESS TESTER 


1—Equipment Used for Microhardness Determinations. 


CLL LLAAA AAA eee SIT, 


Fig. 2—-The Design of the Indenter and Shape of the Indentation. (Knoop, 
Peters and Emerson.) 

diagonals of the resulting indentation can be measured with a microm- 
eter microscope. The long diagonal does not change dimension’ 
when the load is removed, but the short diagonal becomes shorter be- 
cause of the elastic recovery of the material. Thus the “unrecovered”’ 
and “‘recovered” areas in the plane of the surface can be calculated. 
The microhardness, called the Knoop Hardness, is obtained by divid- 
ing the load in kilograms by the unrecovered area in the following 
manner : 


| L 


I=Ap — PCp 
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Knoop hardness number 

Load (in kilograms) applied to indenter 

Unrecovered projected area of indentation (in sq. mm.) 

Measured length of long diagonal of the indentation (in mm.) 
Constant relating 1 to the projected area. For an indenter of 172° 
30’ longitudinal angle and 130° 0’ transverse angle, Cp equals 
7.028 x 10° 


For general use a table is available showing the hardness 
corresponding to various lengths of the impression. 

The relative elastic recoveries of various materials can be judged 
from the recovered projected areas, determined by measuring both 


Fig. 3a—Transferable Stage Being Mounted on Microscope. 


long and short diagonals. The hardness determined from the 
recovered area is given by 


- oe 
i= lw 
where 
Knoop number based on the recovered projected area. 
= Applied load in kilograms. 
Measured length ‘of long diagonal in mm. 
Measured length of short diagonal in mm. 
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The relative elastic recoveries of materials can be compared by com- 
paring I,-I for such materials. Such a study is of interest in 


special cases, but generally the Knoop Hardness, I, is of primary 


interest. 

The length, 1, of the indentation is about seven times the width, 
w, and thirty times the depth, d. An indentation having a length of 
approximately 0.1 millimeter has been found to be most suitable. 


. 


Ss 


Fig. 3b—Transferable Stage Being Mounted on Micro- 
hardness Tester. 


The machine as received was found to be unsuitable for making 
indentations in small areas which had to be located precisely, e.g., 
within 1/50 millimeter; therefore, a special stage was designed and 
constructed for this work. This stage, shown in Fig. 3, could be 
transferred from the hardness tester to the microscope. An area 
of even a few thousandths of a square millimeter could be accurately 
located under the microscope, the stage transferred to the hardness 
tester, and the impression made within a few hundreths of a milli- 
meter of the desired location. In order to obtain this accuracy of 
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location of the indentation, the stage was built with a flat projection 
on one edge of the bottom and a V-shaped projection on the other 
(see Fig. 3). The space between the flat and the V does not come 
in contact with the platform of the tester or microscope. The V 
slide rests in a V groove on the fixed platforms. The stage is thus 
located accurately in one direction in the horizontal plane. Accurate 


Fig. 4—Deformed Metal Around Microhardness Indentations. Impres 
sions Spaced Too Closely Are Likely To Give Erroneous Hardness Readings. 
x 100 
location in the other direction was obtained by adjustable stops on 
the platforms of the tester and microscope. ‘The transferable stage 
was built in three parts, a bottom which was stationary, a center 
part which had an adjustable screw to move it in one direction, and 
a top part which had an adjustable screw to move it in a direction 
90 degrees from the direction of motion of the center part. The 
screws were accurately machined so that an area on the sample could 
be located within one-hundredth of a millimeter. For holding the 
sample and locating it approximately under the indenter, a Bausch 
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i 
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Fig. 5a and b—Deformation Patterns Around Indentations in Different Materials: 
(a) Zine, (b) Silver. X 100. 


and Lomb mechanical stage was mounted on the top part of the 
special stage. 

The preparation of the sample for microhardness testing is 
important. A brightly polished surface is necessary for accurate 
measurement of the indentation. The polished sample is mounted 
in plasticene on a glass ‘slide, care being taken to keep the sample 
flat and horizontal. The sample is then placed on the special stage 
and under the microscope the desired area is located. The stage 
is transferred to the hardness tester and the indentation made. 











132 TRANSACTIONS OF THE A S M Vol. 33 





Fig. 5c and d—Deformation Patterns Around Indentations in Different Materials 
(c) Nickel, (d) Beryllium-Copper. x 100. 


Again the sample is placed under the microscope and the length of 
the indentation measured. 

Varying the load causes little change in the hardness reading 
except, perhaps, at low loads where the hardness readings tend to be 
slightly high. Loads above 200 grams were found to give essentially 
constant hardness readings. This is in accord with the results of 
others.! 


Applications 


The uses for the microhardness tester are manifold. Thus far 
the instrument has been used successfully in the study of the fol- 
lowing : 

1. Welds—for exploring the hardness across a weld. Hard 
regions only a few hundredths of a millimeter thick can be located. 

2. Small wires 





samples having very small cross sections, e.g., 
wires 0.25 millimeter in diameter, can be tested. 

3. Thin strips—having a thickness of a few hundredths of a 
millimeter can be tested. 

4. Surface layers—e.g., carburized, nitrided, or calorized sur- 
faces can be measured. 





aa 
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Fig. 6—Variations in Hardness Readings Near a Grain Boundary of an Iron- 
Molybdenum Alloy. Precipitation of the Iron-Molybdenum Compound Had Started in 
One Grain But Not in the Other. x 250. 


5. The hardness of different phases in metallographic samples 
can be determined if the areas are more than a few hundredths of a 
millimeter wide. 

6. Tool steels—tips of cutting tools can be measured to indicate 
hardness and check the effect of decarburization, or the presence of 
retained austenite. 

7. Extremely soft materials, such as lead, can be tested. 

8. Extremely hard or brittle materials, such as diamonds, car- 
bides, glass, and silicon, can be tested. 

Table I gives the Knoop hardness for a number of materials. 








Material 
1.1 C Steel 
0.40 C Steel 
1.1 C Steel 
1.1 C Steel 


Beryllium Copper, 
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Table I 


Condition 
b he. 773 “tees. Se 
Lbs. 150 °C... ZL. 
l hr. 800 °C., W.Q. 


i ie: 390°C... AC. 

i he. 773 7G. We 

lL ke. 350 *¢... A.C. 

1 hr. 775 °C., W.Q. 

ihr. 450 5. &.C. 

2 hrs. 850 °C., W.Q. 
A.C, 


16 hrs. 300 °C., 
/ 


200—500 
500-750 
up 


750 


Knoop 


Hardness 


Number 
700—800 


600—700 


Rockwell 
Hardness 


Re 65 
Re 55 
Re 50 


Re 42 


Diamend 

Pyramid 
Hardness 
25Keg Load 


Vol. 33 





843 
690 (3 
580 

4 
455 . 
400 
360 


240 
240 
210 


205 
185 
180 


140 
125 
125 
100 
9? 
80 
50 
33 
30 : 
28 


19 


—Recommended Minimum Spacing— 


1.1 C Steel 1 hr. 775 °C., W.Q. 300—400 
i he; 556 °C... A.C. 
1.1 C Steel 1 hr. 850 °C., F.C 280 
0.20 C Steel Cold rolled 260 
1.1 C Steel 1 hr. 775 °C., W.Q 225 
1 hr. 650 °C., A.C. 
0.40 C Steel 1 hr. 800 °C., A.C. 194 
0.20 C Steel 1 hr. 850 °C., F.C. 188 
Beryllium Copper, Solution quenched 175 
2.25% Be and cold worked 
65:35 Brass Cold drawn 145 
Commercial Nickel Annealed 125 
Dural 17 ST Hardened 120 
OFHC Copper Cold drawn 118 
Electrolytic Iron Annealed 100—120 
65:35 Brass Annealed 80 
OFHC Copper Annealed, 1 hr. 400 °C. 52 
Fine Silver Annealed, 1 hr. 425 °C. 51 
Aluminum—2S Cold Worked 35 
Horse Head Special As cast 34 
Zinc 
Aluminum—2S Annealed, 1 hr. 400 °C. 24 
Alton Lead Annealed 2 
Table Il 
Load Knoop Hardness 
100g 50-100 5 mils 
100—200 2 
200—500 2 
500-750 1 
750 up " 
200g 50-100 5 mils 
100—200 2-5 
200—500 2 
500-750 ] 
750 up YY 
500g 50-100 10 mils 
100—200 5 
200—500 2 
500-750 2 
750 up ] 
1000g 50-100 20 mils 
100—200 10 
200—500 5 
500—750 2 
750 up 2 
2000g 50-100 20 mils 
100—200 10 
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Fig. 7—A Low Carbon Steel with a Hard Alloy Case. X 100. 


Rockwell and diamond pyramid hardness numbers were also deter- 
mined on the same samples and these results are listed in the table. 
The Knoop hardness is very nearly the same as the diamond pyramid 
hardness. Knoop, Peters, and Emerson! found a similar correlation, 
and they showed that Brinell hardness was only slightly lower (ap- 
proximately 25 points). 

3y the use of the special stage previously described, it was 
possible to make indentations at small regular intervals. This was 
done for a number of materials and the minimum spacing determined 
so that the deformation due to the indentation would not affect the 
readings of the adjacent impressions. These results are summarized 
in Table II. 

Some of the interesting results obtained with the microhardness 
tester are illustrated in Fig. 4 through 8. The effect of placing the 














136 TRANSACTIONS OF THE 4A. S. M. Vol. 33 


Fig. 8—Microhardness 
Hardness Values Reading 
340, 340, 317. x 100. 


4 





Indentations in 


from Top to Bottom 


a Weld. 








The Crack is in the Weld Metal. 


are 197, 185, 218, 245, 366, 340, 
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Fig. 9—Microhardness Indenta- 
tions in a Constituent of a Meteorite. 


x 100 
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indentations too closely is shown in Fig. 4. The metal is deformed 
around the indentation for a distance greater than the spacing. 
Consequently, every reading except the first one is high. 

The deformation in the surrounding metal produced by the 
indenter yields different patterns for different materials. Some of 
the interesting patterns are shown in Fig. 5. 

Some precipitation hardening alloys show precipitation in or 
near the grain boundaries before general precipitation occurs. Fig. 6 
shows microhardness indentations in such a region in an iron-molyb- 
denum alloy. The effect of the precipitation is local and variations 
can be readily detected. 

Fig. 7 is a photomicrograph of an alloy case on 1 low carbon 
steel, showing a series of indentations. That the case is much harder 
than the steel is evident from a comparison of the indentations. 

Fig. 8 shows hardness readings taken in the weld zone of a 
nickel-chromium steel. The highest hardness is just inside the weld 
metal. Note the crack in the weld. The indentations in this sample 
are asymmetrical because the sample was not mounted horizontally. 

Fig. 9 shows microhardness indentations in a constituent of a 
meteorite which is about 0.06 millimeter in width. The accuracy with 
which the indentation can be located by the use of the transferable 
stage is thus demonstrated. 

There are numerous other items of interest, such as the de- 
termination of directional properties. For example, a tungsten wire 
was found to have a hardness of 520 when the long axis of the 
indenter was parallel to the axis of the wire, but when the long 
diagonal was across the wire, the hardness was 630. 

Of practical interest is the hardness of a thin nitrided case on 
steel (approximately 0.0001 inch thick). The hardness of this case 
seemed to be about 1200 when the indentations were made on the 
nitrided surface. 

Carbides vary a great deal in hardness. Tungsten and tantalum 
carbides were tested and found to have hardnesses greater than 2200, 
while iron carbide was found to be around 900. 

From the foregoing brief description of the microhardness 
tester as a metallurgical tool, the reasons for its growing popularity 
are evident. As the uses for this important instrument are ex- 


tended, the appreciation of its utility will grow. 
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DISCUSSION 


Written Discussion: sy Erle J. Hubbard, assistant to chief metallurgist, 


Research Laboratory, Koppers Co., American Hammered Piston Ring Division, 
Baltimore, Md. 

I would like to congratulate the author on bringing into the limelight a 
relatively new metallurgical tool for hardness testing. A need for such an 
instrument has been known for some time. Its development and use in industrial 
and research laboratories will help considerably to eliminate another question 
mark in physical metallurgy. 


r more than 
‘~ hs and have ade > ated ct ) he Tuk > > 7. - ; si- 
six montns and have made repeated tests on other ukon testers for a simuiar 


We have had a Tukon tester in our Research Laboratory for 


period before that time. Our primary use has been in determining the hardness 
of plated materials, essentially chromium plate. We have found that chromium 
plate, which was plated at different plating conditions, gave plate hardness 
results entirely differcnt. The Tukon tester has enabled us to determine the 
proper chromium plate hardnes§ best suited for satisfactory service. We have 
also found that the chremium plate hardness will vary from below 700 to as 
high as 1200 Knoop hardness, using a 100-gram load on the Tukon tester, when 
plated under these varying conditions and treated differently after plating. We 
hope to be ‘able to publish information covering our investigations in the near 
future. 

The author has treated this subject very well and confirms a number of 
our investigations we have undertaken to date. 

We notice that in Table I the Knoop hardness of a number of different 
materials is given. We believe that in order to make the table complete, a state- 
ment should accompany the table giving the load used in making the indentations 
as there are some varying results obtained when going from a 100-gram load 
to 2000-gram or 3600-gram on the same specimen. We have made a number 
of experiments and tests on polished standard Rockwell test blocks and have 
found that with increasing load there is a slight decrease in Knoop hardness. 
Undoubtedly, that is probably taken into consideration by the author in Table I 
where a Knoop hardness number is given as 700 to 800 for hardened 1.1 per cent 
carbon steel. 


The author mentioned that varying loads cause little change in hardness 
except at low loads where the hardness tends to be high. That is essentially 
true, which again brings up the point that in order for complete clarification of 
hardness results by everybody in the field the load used in making the indenta- 
tions must be specified along with the Knoop hardness number of the material 


tested. We have had to standardize our measurements to one definite load for 


+ 
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chromium plate because it is brittle and too great a load will cause cracking of 
the plate around the area of the impression, giving low and erratic results. We 
use a load on the Tukon tester of 100 grams and specify every hardness test 
reported, as taken at that load. Experience has shown us that loads greater 
than this give a large percentage of cracked impressions resulting in erratic 
readings. 

To help eliminate the variance encountered when measuring the hardness of 
normal materials especially at lower loads the makers of this instrument have 
developed a solenoid which is attached to the beam of the Tukon tester. This 
is done to eliminate any additional loading force due to inertia effect of applying 
the load, and also to eliminate any small loading effect due to vibration from 
the elevating screw motor on the Tukon tester. in this way, only part of the 
total load is applied by forcing the indenter into the specimen by the upward 
motion of the elevating screw. The remainder of the load is supported by the 
solenoid located over the beam, and this load is applied at a relatively slow rate 
by cutting off the current in the solenoid after the upward motion of the elevat- 
ing screw has stopped. The smaller part of the load is again removed before 
the beam lift motor raises the indenter from the impression. The current for 
the loading solenoid is obtained from a rectifier tube and is controlled by cams 
on the outer plate attached to the timing motor shaft. 

We have recently had one case where the solenoid was not working prop- 
erly and we obtained erratic and low readings. Immediately, we investigated 
and corrected the trouble and we are now firmly convinced that the solenoid’s 
operation is essential for consistent accurate readings. 

I might also state that we have had no trouble determining the hardness of 
chromium plate which was only 0.001 inch thick, the depth of the diamond 
impression, as made with the Knoop indenter, as far as we have determined on 
our material was in the neighborhood of 0.0002 inch. 

As the author stated, hardness of inclusions, carbides, martensitic areas, 
and retained austenite may be measured, and it may easily be realized the 
enormous field of metallurgical research which is opening through the develop- 
ment of this microhardness tester. 

Written Discussion: By Morse Hill, assistant metallurgist, John Casey, 
Ist Lt. A.C., and J. C. McGee, Materials Laboratory, Engineering Division, 
Wright Field, Dayton, Ohio. 

The author is to be congratulated on pointing out some of the many phases 
of the application of micro-hardness instruments. As such instruments come to 
be more frequently used, a better understanding of the sometimes confusing 
things we see under the microscope must result. In particular, we shall not 
have to be content with giving a micro-constituent a name to disguise our 
ignorance of its properties. We will at least be able to describe one of its 
most significant properties—hardness. 

There is another micro-hardness instrument than that the author used which 
deserves attention. It is the device of Eberbach & Sons Co. which uses a 
miniature Vickers indenter. As shown in Fig. A it mounts in the objective 
holder on the inverted as well as the upright microscope, and the indentation is 
made and measured without disturbing the specimen. 

The indenter is supported on a plunger within the body of the instrument 
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Fig. A—Micro-Hardness Instrument in Position on Microscope. Box Contains 
Indicator and Relay. 
; against a contact ring through which the indenter protrudes to bear against the 


specimen. The indenter is forced against the contact by a spring. When the 
pressure of the specimen against the indenter exceeds that of the spring the 
indenter moves from the contact and a circuit is opened which flashes a light. 
If the load is increased slowly by raising the instrument with the fine adjust- 
ment, the load at which the light flashes is very constant. Suitable means are 
provided for adjusting and measuring the spring pressure from 25 to 500 grams. 

As shown in the accompanying pictures the light load makes possible the 
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use of very small impressions which may be very accurately located, since the 
indentation may be placed in any desired part of the field within 0.0001 inch. 
The indentation may occupy as little as v6 of a field at * 2000. Of course a 
group of indentations can be made and measured later. 

The instrument has two marked disadvantages: repeated use tends to wear 
out the fine adjustment of the microscope, and the weighing of the load on the 
indenter is less accurate than is desirable. The first difficulty may be overcome 
by mounting the instrument external to the microscope and using a transferal 


Vickers 


Micro- 
Hardness 





Fig. B—vVickers and Microhardness Indentations Compared. x 100. 


stage of the type suggested by Mrs. Brodie. The second difficulty has been 
overcome by correlating the instrument readings with the Vickers instrument 
by use of specimens with an exceedingly fine sorbitic structure. Such a correla- 
tion is shown in Fig. B. Two specimens suffice to permit calculation of the load 
using the Vickers formula in reverse and readings may then be calculated using 
this load over the whole scale of hardness. 100 grams is the load usually used 
but 25 grams may be used. In the latter case a 0.85 NA objective is used with 
a filar micrometer to measure indentation size. 

Measurements have been of two sorts: comparative, in which case the loads 
are constant but not carefully determined, and precise to serve as an extension 
of the Vickers to small areas and specimens. In the field of comparative results 
surveys have been made through spot welds, coring of cast alloys has been 
studied, analysis of the structure of heat treated steels for micro-constituents 
has been made. Precision measurements have been made on the hardness of 
chromium and nickel platings two thousandths of an inch thick; traverses of 
nitrided cases have been made and materials in the microscopic field which are 
different from the ground-mass have been identified. The photographs show 
some of the cases of applications. 


The indentations with the Vickers type indenter are deeper for a given load 
than the Knoop type indenter, but if a shallow indentation is desired the load 
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Fig. C—Indentation in Nickel Plate at « 10600. 


4 


may be reduced, even to 10 grams with extreme care. This instrument and the 
“Tukon tester” eventually will probably each be found to have their own special 
held of application, although it is unfortunate that it is necessary to introduce 
still another hardness scale into the already complicated situation. 

Written Discussion: By C. G. Peters and H. K. Herschman, National 
Bureau of Standards, U. S. Department of Commerce, Washington, D. C. 

Mrs. Brodie’s paper was read with interest and we believe that it should 
add materially to the appreciation of the technique required in making micro- 
hardness determinations. 

We have provided most of our microhardness machines with cross slides 
similar to that shown by Mrs. Brodie in Fig. 3b, which facilitate the spotting 
of selected areas of metallurgical specimens. The microhardness machines 
developed at the National Bureau of Standards have the beams supported on 
pivots, knife-edges or flexure plates and apply the load by lowering the weight 
beam.” * With these machines we have found tests made with loads of 100 
grams or less give hardness numbers which are appreciably higher than those 
obtained with higher loads. This appears to be in accord with the findings of 
the author. This result is attributed to work hardening of the surface layer by 
grinding and polishing during the preparation of the specimen.” ° 

However, results obtained at this Bureau on the conventionally operated 
Tukon tester, which applies the load by raising the pillar which supports the 
specimen, showed that the hardness numbers obtained with 25, 50 and 100-gram 
loads were appreciably lower than those obtained with the higher loads. This 
was attributed to side sway of the pillar which tended to cut the surface laterally 
simultaneously with the indenting or vertical action of the indenting tool. 

To test such machines for this effect, the beam should be brought into 
balance with the weight pan removed. A 5 or 10-gram weight should be placed 


‘Journal of Research, National Bureau of Standards, Vol. 23, July 1939, p. 39. 
4National Bureau of Standerds Circular C433, February 1943, p. 56. 
“Journal of Research, National Bureau of Standards, Vol. 26, March 1941, p. 261. 


°H. K. Herschman, “The Effect of Moderate Cold Rolling on the Hardness of the Surface 
Layer of 0.34 Per Cent Carbon Steel Plates,”” Transactions, American Society for Metals, 
Vol. 31, 1943, p. 501. 
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on the end of the beam just above the indenter and the machine operated in the 
usual manner. If an excessively low hardness number is obtained, side motion 
of the pillar is indicated. 

All of the applications listed by Mrs. Brodie on pages 132 and 133 have been 
successfully made at this Bureau. To this list might be added, small metal 
pivots and sapphire or glass jewels used in watches and instruments, thin metal 
sheets and plated layers, and the large list of crystals and materials classed as 
glasses. For these latter brittle substances the resistance to fracture can also 
be determined by increasing the load until fractures appear around the inden- 
tation. 

As an illustration, ordinary pyrex glass fractures with the 100-gram load 
while the more recently developed alumina glasses may withstand loads up to 
4000 grams before fracture occurs. 

While the diamond will withstand exceedingly high static pressure it may 
fracture under relatively light shock. Therefore, in testing hard carbides sug- 
gested by the author, application 8, page 133, great care should be exercised to 
avoid damage to the indenter. For testing diamonds the rate of descent of the 
indenter should be only about one three hundredths the normal rate of descent 
and the instrument should be free from vibration while the indenter is in contact 
with the test surface. It is inadvisable to attempt to test the hardness of dia- 
monds unless the means for resharpening the indenter are available. 

Does the author’s reference to Diamond Pyramid Hardness, Table I, page 
134, refer to tests made on the Vickers machine? 

Written Discussion: By Douglas R. Tate, National Bureau of Standards, 
Washington, D. C. 

This paper is of interest to metallurgists as it offers one solution to the 
problem of accurately locating microhardness indentations on the specimen and 
of finding the indentation after it has been made. Probably such a transfer 
stage, a plate which rigidly holds the specimen while it is transferred back and 
forth between the microscope and tester, offers the best and most practical 
solution to this problem. 

Several types of transfer stage have been developed for transferring hard- 
ness specimens from the microscope to the Tukon tester and back. In general 
it is desirable that once a definite location on the specimen is centered under the 
cross hairs of the microscope, the stage and specimen can be transferred to the 
Tukon tester, and an indentation made on the selected location without further 
adjustment. The stage should be so constructed that the center of the indenta- 
tion will be within five or ten microns of the selected spot. The stage may then 
be returned to the microscope and the indentation should appear fairly well 
centered under the cross hairs, even with magnifications around X 800. 

A stage of this type, designed by Dr. L. B. Tuckerman and D. R. Tate, and 
constructed in the National Bureau of Standards instrument shop, is shown in 
Figs. D, E and F. The stage has a point-line-plane type of support consisting 
of three hardened 10-millimeter steel balls set in countersunk holes in both the 
microscope stage and the Tukon stage, and a countersunk hole, a milled vee 
groove and a milled plane located on the bottom of the transfer plate. 

This transfer stage has the disadvantage that it is necessary to lower the 
Tukon stage somewhat more for its insertion and removal than in the case of 











1944 DISCUSSION—MICROHARDNESS TESTER 145 


sliding types of transfer stage, but it has the advantage of very precise position- 
ing of the indentation. The transfer stage is eauipped with a micrometer screw 
such that rows of indentations can be made with any desired interval between 
indentations. The micrometer screw has proved a very useful feature of the 
stage. Very likely the manufacturers of the Tukon tester will in time provide 
a microscope and transfer stage as a part of the tester. 

The author has pointed out in her paper the likelihood of errors due to 
spacing indentations too close together. Experiments at the Bureau have indi- 
cated that spacing of indentations closer than about one and one-half times the 





Fig. D 


length of the indentation between indentation centers may introduce errors 
greater than 1 per cent, probably due to cold working in metal specimens. 
This may be shown very easily by making a row of indentations and then 
sandwiching indentations in the spaces between the indentations of the first row. 

In dealing with small forces, small disturbances which are negligible in 
comparison with larger forces may become of importance. In our first experi- 
ments with the Tukon tester under light loads (less than 200 grams) we 
obtained results which were inconsistent by a few per cent. These were traced 
to three causes: vibration transmitted through the frame of the machine, added 
inertial load caused by lifting the beam and load from its rest, and finally, rock- 
ing of the indenter caused by lateral motion of the column which supports the 
specimen. These produced no appreciable errors with loads of 300 grams and 
higher, but caused increasing irregularity with smaller loads. 

The largest part of the trouble came from vibration transmitted from the 
control box through the supporting table to the frame of the tester. These were 
eliminated by placing the control box upon an independent support separated 
from the table. 

The added inertial load was eliminated by a solenoid device designed by 
D. R. Tate which prevents the application of the full load to the indenter until 
the lifting mechanism has ceased to operate. This is housed in the cylindrical 
case shown at the top in Fig. F. 

The rocking of the indenter was reduced to a negligible value by a spring 
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Fig. E 


attached to a torque arm on the elevating screw, which prevents play of the 
screw in its bearing during the raising of the specimen. A careful check with 
these devices and precautions has shown no appreciable effects of vibration, 
inertial overload or lateral play under loads as low as 25 grams. 

It may of course be expected that very large errors will be present in tests 
made in machines not properly maintained. Experience has shown that machines 
such as the Tukon tester and the standard and superficial Rockwell hardness 
testing machines should be frequently lubricated with particular attention paid 
to the elevating screw. 

It is of interest to compare indentations made with Knoop and Vickers 
diamond pyramid indenters under equal loads. Fig. G shows Knoop and Vickers 
indentations made under loads of 100, 500, 1000 and 3000 grams for each 
indenter. The indentations were made on a polished block of stainless steel 
having a Knoop number of about 550 for a 1000-gram load. For a given load 
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Fig. F 


on a uniform material, the Vickers indenter penetrates almost twice as far into 
the specimen as the Knoop indenter and the diagonal of the Vickers indentation 
will be on the order of one-third the length of the Knoop indentation. This 
means that the Vickers test is less sensitive to surface conditions than the Knoop 
test and that for equal loads the Vickers indentation, because of its shorter 
length, is more affected by the experimental errors in measuring the indentation. 

Since the length of the indentation appears as a second power term in the 
formulae for the hardness number for both these tests, the percentage error in 
determining the hardness number is about twice the percentage error in measur- 
ing the indentation. The Knoop test offers, therefore, a considerable advantage 
in microhardness work under very low loads. 

The author has mentioned the fact that Knoop hardness readings tend to 
be slightly high at low loads. Experiments on this effect have also been made 
at the National Bureau of Standards under loads as low as 25 grams in a Tukon 
tester equipped with the solenoid device to eliminate errors due to inertia. The 
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Fig. G 


following results were obtained from measurements of a set of fifty indenta- 
tions made in a polished block of stainless steel with Knoop and Vickers 
indenters both used in the same Tukon tester. 


—Length of Indentation, —_———mee araness Number——___....., 
Load Knoop Vickers 
Grams Microns Microns Knoop Vickers 
3200 291.1 105.4 537 534 
800 141.0 52.0 573 549 
200 67.4 25.7 626 562 
50 32.1 12.9 690 557 
25 21.5 9.3 770 536 


The data above represent the average of five indentations for each indenter 
with each load. The Vickers number appears to be almost independent of the 
load while the Knoop number increases with decreasing loads. 

Under loads of 3200 grams the Knoop and Vickers indenters gave approxi- 
mately the same number, about 535; under loads of 25 grams the Knoop number 
was 770, while the Vickers number was 536: The Knoop number increased 
steadily with decreasing load, while the Vickers number varied from about 
535 to 560. 


Oral Discussion 


C. B. Saptier:’ I would like to call attention to the part of the paper 
that relates to the unrecovered areas. For my part, I am very much in the 
dark about how unrecovered areas are determined, and what proof there is of 
their existence. I wonder if Mrs. Brodie can throw a little light on that? 


™Metallurgist, Barber-Colman Co., Rockford. Tl. 








DISCUSSION—MICROHARDNESS TESTER 
Author’s Reply 


The author wishes to thank the discussers for their interest and contributions 
which add considerably to the value of the paper. 

In reply to Mr. Hill, Lieut. Casey and Mr. McGee, I have had no personal 
experience in the operation of the Eberbach tester. 

Mr. Huabbard’s remarks about the different hardness values obtained on 
chrome plates explains the variation in hardness which we have observed on 
similar samples. In our case the range of hardness varied from 900 to 1200. 

The Knoop hardness numbers in Table I cover the range of hardness ob- 
tained with loads varying from 100 to 2000 grams. Hardness readings were 
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Fig. H 


essentially constant for loads greater than 200 grams. Whenever a range is 
given in the table, the spread takes into account the difference in hardness 
obtained with the 100-gram load and other loads. 

In reply to Mr. Peters and Mr. Herschman, the diamond pyramid indenter 
was used in the Rockwell machine with a 25-kilogram load. 

In answer to Mr. Sadtler, Knoop, Emerson and Peters in National Bureau 
of Standards Research Paper RP1220 from Journal of Research of National 
Bureau of Standards, Volume 23, July 1939, reported observations which led 
them to the conclusion that there was little or no difference in the length of 
the long diagonal while the load is on or when it was taken off. I have not 
investigated this personally. 

Since there has been considerable interest in the transferable stage men- 
tioned in the paper, the drawing for it is shown in Fig. H. 








INTERCRYSTALLINE COHESION OF METALS 
By E. R. PARKER 
Abstract 

The investigations and theories concerning high tem- 
perature intercrystalline failures are reviewed. New data 
are given which illustrate the various types of high tem- 
perature fractures. The theories of the structure of crystal 
boundaries are discussed and their limitations cited. A new 


suggestion is made concerning the mechanism of inter- 
crystalline failures. 


(1)* and others found that when a metal fractures 
in a rather slow tensile test at high temperatures the path of the 
fracture is around the crystals rather than through them as normally 
occurs in metals fractured at low temperatures. Fig. la shows a 
low temperature transcrystalline fracture and Fig. lb shows an 
intercrystalline fracture characteristically obtained at high tempera- 
tures. Rosenhain’s view was that at ordinary temperatures the 
boundaries are much stronger than the crystals so that deformation 
and fracture occur within the crystals. As the temperature of 
deformation is increased, a temperature is reached where this rela- 
tionship is reversed and the boundaries yield more readily than the 
mass of the crystal. He concluded that the crystals are held to- 
gether by a film of metal in the amorphous condition. This amorphous 
material he considered as being softened more rapidly by tempera- 
ture than the crystalline material. The amorphous cement theory 
conveniently explained the fact that at temperatures near the melting 
point, metals broken under tension fracture around rather than 
through the crystals. 

Jeffries (2) extended this work and developed the concept of 
‘“equi-cohesive temperature”, the temperature above which failure 
occurs through the boundary material rather than through the 
crystals. 

Low temperature fractures of metals are transcrystalline (ex- 
cept in special cases such as an alloy having a brittle network sur- 
rounding the crystal), while high temperature failures may be either 


1The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. The author, E. R. Parker, is 
associated with the Research Laboratory, General Electric Co., Schenectady, 
N. Y. Manuscript received June 24, 1943. 
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transcrystalline or intercrystalline, depending upon the rate of strain- 
ing. Transcrystalline fractures may be produced at temperatures 
near the melting point by very rapid straining, while slower strain 
rates (produced by lower loads) will cause intercrystalline fractures. 
It thus becomes apparent that time is a factor in high temperature 
intercrystalline failures, and, as Jeffries (2) points out, the equi- 
cohesive temperature represents only one rate of straining or dura- 
tion of loading. Thus it is not a definite temperature unless assigned 





Fig. la (left)—A Low Temperature Transcrystalline 
Fracture of a Copper Bar. X 7. 

Fig. lb (right)—A High Temperature Intercrystalline 
Fracture of a Copper Bar. ie  ¥s 


a definite time for fracture. At temperatures near the melting point, 
intercrystalline fractures can occur in stressed metal in a relatively 
short time. As the temperature is lowered, longer times of stressing 
are necessary to cause such failures. Fig. 2 shows the log-log plot 
of stress versus time to fracture of a steel at three temperaturss. 
The short time fractures are transcrystalline while the long time 
fractures are intercrystalline. The time under stress required to 
cause intercrystalline failures is greater as the temperature is low- 
ered. The change in the slope of the lines where intercrystalline 
failures begin is due to the life shortening effect of intercrystalline 
oxidation (3), which occurs coincidently with the intercrystalline 
cracking in an oxidizing atmosphere such as air. In the absence of 
oxidation, the rupture curve does not change slope, but intercrystalline 
failures begin to occur at the same stress and life. There is no 
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theoretical reason for the existence of a minimum temperature at 
which intercrystalline failures may occur. All failures involve the 
thermal movement of atoms and are influenced by the stress. At any 
temperature, a minimum time characteristic of the temperature is 
necessary to allow intercrystalline failures to occur. The mobility 
of atoms decreases gradually with temperature so that progressively 
longer times are necessary for intercrystalline failures to occur as 
the temperature is lowered. As shown in Fig. 2, the minimum time 
required for intercrystalline failure increases rapidly as the tempera- 
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ture is lowered, so that for all practical purposes there is a tempera- 
ture below which intercrystalline failure will not occur (at least 
within a normal lifetime!). 

The total elongation at failure is also shown in Fig. 2 as a 
function of time. The elongation drops slowly at first, and then 
more rapidly when intercrystalline failures begin to occur. Inter- 
crystalline failures generally occur with less ductility than trans- 
crystalline failures. In extreme cases, intercrystalline failures may 
occur without appreciable deformation of the crystals, and thus ap- 
pear to be “brittle” fractures. Generally, however, the crystals do 
deform considerably while under load and the final elongation may 
be fairly high. This is evident in Fig. 2 which shows elongations 
between 10 and 20 per cent for many of the test bars showing inter- 
crystalline failures. 

The grain boundaries are a source of weakness at high tempera- 
tures, and a source of strength at low temperatures. Consequently, 
at ordinary temperatures a small crystal size will be characterized 
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by high strength, while at high temperatures large crystals are desir- 
able. With rising temperature a point is reached where small and 
large crystal structures have equal strength (for a fixed time under 
stress). This temperature Jeffries and Archer (2) consider to be the 
equi-cohesive temperature. 

The’ recrystallization temperature has sometimes been assumed 
to be the same as the equi-cohesive temperature. This assumption 
seemed justified because experimentally determined recrystallization 
and equi-cohesive temperatures were very nearly the same. How- 
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Fig. 3—Rupture Curves for a Chrome-Iron. All Fractures were Transcrystalline. 


ever, more recent: work has shown that this is a coincidence, common 
to most metals and alloys. Fig. 3 shows rupture curves at three 
temperatures for a 13 per cent chrome-iron, one of the exceptions. 
This material will recrystallize at 1100 degrees Fahr. (595 degrees 
Cent.), yet all failures were transcrystalline within the time limit of 
the test (17,000 hours). A similar case was observed with 2S alu- 
minum which required prolonged loading above 750 degrees Fahr. 
to cause intercrystalline failures; this material recrystallizes below 
400 degrees Fahr. (205 degrees Cent.). 

At high temperatures, it seems that two processes are occurring 
simultaneously in a material under stress. Creep is occurring within 
the crystals, and intercrystalline deformation is forming minute 
imperfections which may eventually grow to such magnitude that 
intercrystalline failure occurs. The crystals of some materials such 
as the 13 per cent chrome-iron and the 2S aluminum seem to creep 
at a faster rate than intercrystalline imperfections can form and 
grow. In such cases, failure occurs by creep within the crystals 
before intercrystalline failure has time to occur. 
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The volume of the boundary material is minute compared with 
the volume of the crystalline material, and the independent flow of 
the boundary material is greatly limited by the irregularly shaped 
crystals. Hence it seems unlikely that creep within the crystal 
boundaries can contribute measurably to the total creep. It 1s 
thought, however, that crystal boundaries have a profound influence 
on the creep of the crystals, because such boundaries appear to be 
sources of dislocations which travel through the crystals causing 
creep. Thus the boundaries may contribute indirectly to the creep 
of the crystals but extension within the boundary transition zone 
could contribute very little to the total extension. 

In a material like the chrome-iron that fails by creep of the 
crystals, intercrystalline failures can occur if by some means the 
crystals are strengthened so that they creep less. This can be done 
by adding sufficient molybdenum to the alloy. In chrome-iron con- 
taining molybdenum, the rate of creep is less and intercrystalline 
failure may occur before failure occurs by creep. 

The relative strengths of crystals and boundaries vary with 
temperature, with the composition of the alloy, and with the heat 
treatment. The elongation at failure is determined by the relative 
strengths of crystal and boundary materials. 

The study of high temperature fractures was begun before the 
turn of the century. It was Beilby’s (4) theory of the amorphous 
state of solid metals that started Rosenhain on his classic studies of 
the structure of the grain boundaries. As a result of his studies, 
Rosenhain concluded that the crystals in metal are held together by 
a film of metal in the amorphous condition. This film acted as a 
cement, holding the crystals together. According to Rosenhain (5) 
“the amorphous condition is one in which the crystalline arrangement 
of the molecules is completely broken up, so that the molecules 
remain in a state of irregular arrangement similar to that which is 
supposed to exist in the liquid state.’ As Rosenhain (5) pointed 
out, the theory of an amorphous cement between crystals has not 
received general acceptance. However, the amorphous cement theory 
did provide a simple means of explaining many phenomena associated 
with the deformation of metals. Beilby conceived the idea that 
deformation on slip planes produced local disturbances of arrange- 
ment thus forming a thin layer of amorphous metal which was mobile 
during the time slip was occurring, but afterwards would set and 
become a hard non-plastic layer which would prevent further slip 


from taking place on that plane. The crystals would then slip on 
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other planes and become progressively harder until all the planes 
were used up, then fracture would occur. 

Since the early work of Beilby and Rosenhain, a number of 
experimental facts have been presented which are not in accordance 
with the amorphous metal theory. The most important of these are 
summarized below: 

1. Experiments of Taylor and Elam (6) on the deformation 
of single crystals have shown that slip planes not participating in the 
deformation are often strengthened more than the planes on which 
slip occurred—an impossible condition if the amorphous cement 
theory were correct. 





In this work, tensile tests were made on single crystals of various 
materials. Some crystals were so oriented that slip first occurred on 
one plane then, after some deformation, slip started on a second 
plane. The stress required to cause slip to start on the second plane 
was often found to be greater than that required to cause slip to 
continue on the already strained first plane. According to the amor- 
phous theory of strain hardening, the second plane should not have 
been strengthened-by slip on the first plane. 

2. Ina precipitation hardened copper alloy containing iron, the 
iron (solid solution) first precipitates as a nonmagnetic phase (7), 
presumably as face-centered gamma iron, instead of the magnetic 
body-centered alpha iron as the phase diagram would indicate. Preb- 
ably the face-centered structure of copper influences the lattice of 
the precipitating iron so that it remains nonmagnetic even when 
the particles are large enough to be seen microscopically. If an 
amorphous material existed at the crystal boundaries (in this case, 
phase boundaries) no such continuity of structure could exist. 

3. Certain conclusions can be drawn from the work on thin 
films (8,9). Studies of thin films of platinum condensed on glass 
have shown that crystals from as small as ten to twenty atoms across 
(instead of forming an amorphous film.) The work of Suhrmann 
& Barth (9) indicates that some metal vapors condensed into thin 
films become crystalline at temperatures as low as 100 degrees K. 
Thin films, however, often show anomalous structures, sometimes 
differing considerably from the normal crystal structure. The en- 
vironment of atoms in thin films is much different from that in 
crystal boundaries, so conclusions from work on thin films should 
be drawn with caution. 

Electron diffraction studies of polished metal surfaces may 
eventually lead to an understanding of the structure of the Beilby 
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layer. At the present time, however, the interpretation of the 
electron diffraction patterns obtained from polished metal surfaces 
seems to be questionable (10). Some investigators interpret the 
patterns as showing an amorphous layer, others as showing a 
crystalline layer, and still others believe that the pattern is not due 
to the metal at all, but to occluded gas or an oxide film. 

For a more comprehensive discussion of the published work 
on crystal boundaries, the reader is referred to the critical survey 


of this subject by Bucknall (11). 


An Electron Micrograph of a Crystal Boundary in 
Copper. < 10,000. (1mm = 1000A) 


Very little is actually known about the structure of inter- 
crystalline boundaries. No direct methods are available for the 
study of them, and conclusions concerning their structure must 
be deduced from indirect measurements, such as the effect of grain 
size on low and high temperature strength and on damping 
capacity (12). The modern concept of the crystal boundary struc- 
ture is that there is a gradual transition across the boundary from 
one orientation to the other. Thus the positions of crystal boundary 
atoms form a pattern determined by the neighboring crystals. The 
width of the crystal boundary is determined by the relative orienta- 
tion of adjacent grains, being narrow for those having similar 
orientations, and wide for those differing the most. The actual 
width of grain boundaries is, of course, not known. Seitz and 
Read (12) have stated that grain boundaries are probably narrow, 
i.e., of the order of five atoms wide. Work with the electron 
microscope may help to establish an upper limit for the’ width of 
grain boundaries. Fig. 4 shows an electron micrograph of a grain 
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boundary in copper which is perpendicular to the polished surface. 
The effect of the boundary on the etching of the adjacent grain 
seems to extend less than 75 atoms into the grains. 

The crystal boundary atoms are arranged in a less symmetrical 
way than atoms within the crystals; consequently, they are less 
densely packed, less tightly bound. Because of the unsymmetrical 
atomic arrangement, crystal boundaries have no “‘slip planes’ and 


Load 


Fig. 5 — The 
Stress Concentrat- 
ing Effect of an 
Elliptical Hole in a 
Flat Plate Sub- 
jected to a Tensile 
Load. The Stress 
Concentration is 

a 
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are difficult to deform at low temperatures. However, the transition 
zone between crystals is continuous from one grain to the next, 
and can transmit deformation whenever sufficiently stressed. 

The atoms of the transition zone between crystals are in- 
fluenced by temperature more than the atoms of the crystals be- 
cause they are less strongly bound. At high temperatures, they 
may become active enough to be moved by low stresses, provided, 
of course, that sufficient time is allowed for the thermal movement 
of the atoms to act in the direction of the stress. Less energy is 
required for the atoms to move in the direction of the stress than 
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against it (13); so movement of atoms is more probable in the 
direction of the maximum shear stress (45 degrees to the tensile 
stress). Fig. 6 indicates a condition in a_ hypothetical crystal 
boundary which might be the origin of intercrystalline failures. 
This schematic picture postulates the existence of imperfections in 
the boundary material. These imperfections may be voids where 
a few atoms are missing from the structure. Presumably, such im- 
perfections could result from a concentration of dislocations in the 
crystal boundaries. Foreign material, such as minute nonmetallic 
impurities, or any type of atomic discontinuity would act as im- 
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Boundary Due to a Tensile Load. 


The stress concentrating effect of an elliptical hole in a flat 
plate subjected to a tensile load is shown schematically in Fig. 5. 
Even in ductile materials such a stress raiser causes the material 
to fail along the long axis of the elipse. Similarly, intercrystalline 
cracks generally form in the plane of maximum tensile stress (see 
Fig. lb). 

A similar stress concentration would exist around imperfections 
in the crystal boundaries of metals. Fig. 6 shows the progress of 
the growth of a hypothetical imperfection in a crystal boundary 
into an intercrystalline crack. When loaded, the atoms at the sides 
of the imperfection are under higher than average stress. Local 
fluctuations of thermal motion of atoms occasionally cause . the 
highly stressed atoms to move in the direction of the maximtm 
shear stress (the easiest direction of motion). These atoms find 
it more difficult to move back against the stress. This atomic 
movement shifts the high load to the next neighboring atom which 
undergoes, after a time, a similar movement, and thus the imperfec- 


tion grows along the crystal boundary, eventually becoming a 








1944 INTERCRYSTALLINE COHESION 159 


crack. Other cracks form and meet, finally causing intercrystalline 
failure. Whenever the crystals are strong and resist creep, the 
stress is higher at the edges of the imperfections, thus increasing 
the probability that intercrystalline cracks will grow. If the crystals 
deform rapidly, high local stresses cannot form near the flaws and 
the cracks would grow slowly (e.g. 13 per cent chrome iron, the 
crystals of which creep a great deal before fracture). 

The foregoing discussion is offered as a simplified explanation 
(perhaps too simplified!) of the mechanism of ‘intercrystalline 
fractures. A more comprehensive theory seems unwarranted at the 


present time since we know so little about the actual structure of 
crystal boundaries. 
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DISCUSSION 

Written Discussion: By S. L. Hoyt, technical adviser, Battelle Memorial 
Institute, Columbus, Ohio. 

The problem of grain boundaries and intercrystalline cohesion remains very 
much of a mystery though it is over thirty years since Rosenhain proposed his 
amorphous cement hypothesis. Even today it seems as though his picture is at 
least partially consistent with the behavior of grain boundaries. Its function 
was to account for the grain boundary as a source of strength at low tempera- 
tures and as a source of weakness at high temperatures, when slowly loaded. 
For rapid loading, the high resistance of amorphous bodies was brought into 
play though, if we are to use that analogy, some modification is needed to 
explain why the metal is ductile, since an amorphous material is known to be 
brittle under the same circumstances. Thus, while agreeing that Rosenhain’s 
hypothesis “explained” high temperature strength, we can complain that it is 
not as successful with ductility. On the other hand, his assumption of a film 
of truly amorphous meta! of the order of a hundred atoms thick (to account for 
the higher rate of evaporation of fine-grained metal) is no longer accepted. 
Furthermore, I have heard it asserted by a good authority that the so-called 
“strong grain boundary” effect is apparent rather than real and is to be accounted 
for on the basis of the slip process of polycrystal metal. 

The information presented by the author I believe to be well chosen to 
present the problem of high temperature behavior, but I feel the argumentation 
can be improved upon by some modification. First of all, the concept of “equi- 
cohesive” temperature has lacked precision because it was incorrectly stated. 
When the stress is increased, the alternatives are intercrystalline rupture and 
slip, not transcrystalline failure. When slip occurs, as in rapid loading, the 
grains stretch out and, while ultimately the fracture is transcrystalline, the 
conditions of strain hardening and grain geometry are so drastically modified 
that this cannot be an alternate to intercrystalline failure with little or no 
deformation. It seems to me it would be more profitable to focus attention on 
the strength or properties of the metal in its initial condition, before it has 
undergone the amount of deformation represented by ductile extension and 
fracture. Viewed in this light, the grains can either (1) pull apart, (2) frac- 
ture, or (3) deform by slip. With the common FCC metals and fast loading, 
we have only Case 3 at all temperatures; for slow loading, Case 1 enters at 
elevated temperatures. With common steel, the situation is different in one 
particular, because, at some low temperature, failure is by fracture through the 
grains, Case 2. The latter is the only case known in which the grain can be 
said to show evidence of being weaker than the grain boundary. I think it is 
clear that for Case 3 we can know nothing about the relative strength of the 
grain and the grain boundary. What the situation is after deformation starts 
must be a second problem. 


ea 
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Turning to the evidence cited against the amorphous metal theory, I have 
advanced the author’s first point myself,’ but to show that Beilby’s picture of 
strain hardening was wrong, not Rosenhain’s amorphous cement theory. It 
may be recalled here that this line of reasoning applies to single crystals, in 
which there is no grain boundary or amorphous cement. In other words, while 
Point 1 refutes Beilby’s hypothesis of amorphous metal forming along slip 
planes, it has no bearing, that I can see, on Rosenhain’s. 

By and large, as the author points out, little is known about grain boun- 
daries, and I wonder if that is not the proper way to leave the matter—at least 
until we do know something about them. The proposal advanced seems to be 
an adaptation of Taylor’s “dislocation” hypothesis; both may be right and both 
may be wrong. Until plausibility of these assumptions is demonstrated, or until 
they are given truly adequate indirect support (like Dalton’s atomic hypothesis ) 
and are shown not to conflict with direct evidence, they must remain assumptions 
of very dubious validity. 

Since the above was written, Dr. Barrett has stated in oral discussion that 
the author’s Point 1 is not convincing. If amorphous metal forms along primary 
slip planes, it must also form on the secondary slip planes at the intersections. 
Thus, primary slip would strengthen the secondary planes too. It seems to me 
this overlooks the point made originally (1) that the secondary planes are 
actually stronger than the first. Dr. Barrett’s idea could explain, it seems to 
me, an increase for the secondary planes over the initial condition, but not the 
amount actually observed. As long as slip is pictured as block movement along 
slip planes—as Beilby did—the amount of amorphous metal which forms on the 
inactive or secondary slip planes must, by geometry, be less than that produced 
on the active slip planes. However, if more evidence against Beilby’s hypothesis 
(not Rosenhain’s) is required, I would cite the rotation of the slip planes of 
zinc single crystals which simply cannot be transmitted from one block to its 
neighbor through amorphous metal.* 


Oral Discussion 


C. S. Barretr:* I should like to ask what etchant was used in preparing 
Fig. 4. The etchants that have been tried on polycrystalline copper at Carnegie 
Tech’ have produced interesting mosaic-type patterns when viewed in the elec- 
tron microscope using the polystyrene-silica technique. Fig. 4 shows no struc- 
ture of this type, and I wonder whether the difference lies in the etchant, the 
sample, or the technique of replica preparation. 

The grain boundary in Fig. 4 is perhaps the narrowest in any photomicro- 
graph that has been published, so it is important to know just how certain the 
author is in his identification of this marking as being an actual grain boundary, 








2S. L. Hoyt, “Metallic Single Crystals and Plastic Deformation,’’ Transactions, Amer- 
ican Society for Metals, Vol. 24, 1936, p. 789. 


5Transactions, American Institute of Mining and Metallurgical Engineers, 1927, Pro- 
ceedings, Institute of Metals Division, p. 116. 


4Associate professor, Department of Metallurgy, Carnegie Institute of Technology, 
Pittsburgh. 


5C. S. Barrett, ‘‘Metallography with the Electron Microscope,” American Institute of 
Mining and Metallurgical Engineers Technical Publication 1637, Metals Technology, Sep- 
tember, 1943. 
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rather than, say, a twin boundary, or even an edge of a torn and folded formvar 
replica. ; 

The author’s Point 1, page 155, has never been a convincing argument. If 
any amorphous metal is produced at a slip plane by the movement of one block 
over another, it would be expected to lie as a thin layer along the slip plane. 
Since the parallel slip planes of a set are separated from each other by distances 
of several hundreds or thousands of angstroms, it would be possible for new 
slip planes, parallel to the first ones, to form between the first ones. The new 
slip planes would not encounter any of the hypothetical amorphous metal left 
by the first slip planes of the same crystallographic set. On the other hand, if 
new slip planes of another set that lies at an angle to the first set become active, 
these planes will cut through the first set and would encounter any amorphous 
layers produced along the first set, hence should have higher slip resistance than 
continued slip on the first set. Now I do not maintain that this higher slip 
resistance that is observed on the second planes proves that amorphous layers 
must exist along the first planes; I merely contend that it does not disprove the 
theory. Another point of view—more attractive to me—is that a thin layer of 
cold-worked metal is left along the plane where slip occurs, this layer containing 
centers of high (microscopic) residual stresses which oppose further deforma- 
tion along any slip plane that encounters the stresses. 

C. ZeNnER:* I wish to point out a type of stress concentration’ which Mr. 
Parker has not spoken of. If one assumes that the grain boundaries are per- 
fectly homogeneous but that their resistance to slip is less than the resistance of 
the interior of the grain, then one will get a situation where automatically the 
stress becomes concentrated on the grain boundaries. How this occurs one may 
best see by imagining a checkerboard arrangement of grains. The slip along 
grain boundaries will occur only where the shearing stress is large, that is, 
along those boundaries making an angle of nearly 45 degrees with the axis of 
tension. This inhomogeneity of shearing strain will automatically give rise to 
a concentration of normal stress at the grain boundaries, particularly at the 
corners where the grain boundaries are restricted. 





Authors’ Reply 


I should like to take this opportunity to thank Dr. Hoyt, Dr. Barrett and 
Dr. Zener for their interesting discussions of this paper. These discussions 
add materially to the value of the paper. 

The reagent used for etching the copper sample shown in Fig. 4 was the 
potassium bichromate etch listed on p. 1472 of the A.S.M. Metals Handbook. 
This reagent develops an etched surface on copper that is apparently smooth; 
no structure is visible in the formvar replica except grain boundaries, twin 
boundaries and similar regions where differences in elevation exist. The mark- 
ing shown in Fig. 4 is, we believe, a grain boundary. The irregularity of the 
line, which can easily be seen in the electron micrograph, indicates that it is not 
a twin boundary. We were able to follow the line on the original formvar 
replica until in joined another grain boundary. 


Senior physicist, Watertown Arsenal, Watertown, Mass. 


7c. Zener, “Theory of Elasticity of Polycrystals with Viscous Grain Boundaries,” 
Physical Review, Vol. 60, 1941, p. 906. 








PLASTIC FLOW AND RUPTURE OF METALS 
By C. ZENER AND J. H. HoLLomMon 


Abstract 


This paper constitutes an attempt to co-ordinate and 
interpret the present knowledge of the plastic flow and 
rupture of metals. Certain of the data found in the lit- 
erature required the introduction of new concepts for 
their explanation. New models have been suggested which 
appear to co-ordinate better the existing knowledge in 
this broad field. 

Two systems have been in common use for specify- 
ing (a) the conditions for the initiation of plastic flow, 
(b) the precise nature of flow under a given stress pattern, 
(c) the relation between the strain hardening occurring in 
different types of flow. In this paper these two systems 
are discussed in detail, and a comparison 1s made between 
their predictions and the experimental observations. A new 
theoretical treatment is given of the application of these 
systems to the problem of strain hardening. 

Almost insuperable difficulties prevent the direct 
determination of the relation between stress and strain at 
high rates of strain. An indirect method is proposed 
whereby this information may be easily obtained. 

Inexplicable phenomena in metals have frequently 
been disposed of by the assumption of imperfections. In 
this paper many phenomena not previously understood 
are shown to be explicable in a qualitative manner by a 
single type of imperfection which may be quite precisely 
defined, namely by the concept of microscopic cracks. 
These phenomena include: the decrease in the rate of 
strain hardening in torsion at large strains compared with 
the strain hardening in tension, the elongation which ac- 
companies large angles of twist, the effect of a prior twist 
upon the type of tensile fracture. A quantitative analy- 
sis, first suggested by Griffiths, is applied to these cracks. 
This analysis attempts a correlation of the fracture stress 
with the size of these micro cracks which are correlated 
with certain elements of the microstructure. 


The statements or opinions expressed in this article are to be considered those of the 
authors and do not necessarily express the views of the Ordnance Department. 


A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. Of the authors, C. Zener is 
senior physicist, Watertown Arsenal, and J. H. Hollomon is Ist Lt., Ordnance 
Department, Watertown Arsenal, Watertown, Mass. Manuscript received 
May 13, 1943. 
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KNOWLEDGE of the plastic and rupture properties of metals 

are of utmost importance in many engineering applications, 
yet these properties have apparently not rece’ved their fullest fun- 
damental consideration: by metallurgists and aysicists. 

The object of this paper is therefore t' review and correlate 
the existing information concerning the plas‘ - and rupture proper- 
ties of metals. In many instances it was found necessary to fill 
certain of the gaps in the knowledge with data from simple experi- 
ments and with new interpretations of older experiments. Certain 
of these additions have been made and reported in the appropriate 
positions in the treatise. It is hoped that this paper will be of use 
not only as a source of information to metallurgical engineers, but 
will be a stimulant to further investigation. 

The terms elasticity and plasticity are used by physicists and 
metallurgists to denote rather vaguely defined properties of solids. 
This vagueness is not due to any lack of mental astuteness on the 
part of those who have written upon the subject, but rather to the 
versatile behavior of the solids, particularly of metals. Precise 
definitions of elasticity and plasticity would automatically exclude 
all real metals, for no metals accurately obey precise laws. It is 
therefore considered wiser not to attempt to state how a given metal 
behaves in states of elasticity or plasticity, but to describe the proper- 

‘ ties of an idealized metal. A metal will then be said to be more or 
less elastic, or plastic, according to how closely its properties corre- 
spond to those of the idealized material. The idealized material will 
be so defined as to have the gross characteristics of real materials. 
The first part of the stress-strain curve (A-B, Fig. 1) of the 
idealized material is associated with the elastic state. It is con- | 
sidered to have the attributes of linearity and of reversibility. These | 
attributes are not revealed completely by any actual metal. The first ‘ 
part of an actual stress-strain curve may appear to be linear if de- ‘ag 
termined in the usual manner, but more sensitive measurements re- 
veal an observable, though often small, departure from a straight 
line. Likewise, the first part of the stress-strain curve may appear 
to be reversible if examined with the usual instruments. Strict 
reversibility, however, implies the absence of any hysteresis, yet 
metals have hysteresis as is manifested by their property of damping 
elastic vibrations. For the idealized material, the slope of the initial 
part of the stress-strain curve is considered to be independent of 
rate of deformation. In actual solids this slope varies with rate of 
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strain, the slope associated with rapid adiabatic deformation being 
about 0.3 per cent steeper than that associated with slow isothermal 
deformation. 

Considering the idealized metal, in the part of the stress-strain 
curve associated with the plastic state (beyond B in Fig. 1), the re- 
lation between stress and strain is given by a curve which may be, 


D 


' 


Stress ——~ 


Se 
Strein ——> 


Fig. 1—Stress-Strain Curve for Ideal- 
ized Material. 


though infrequently is, linear and whose slope is everywhere much 
less than that associated with the elastic state. The essential attribute 
of this part of the stress-strain curve is its irreversibility. This 
characteristic property of the plastic state is not evident when the 
metal deforms upon application of an increasing stress, but is apparent 
only when the applied stress is decreased. If the stress is increased 
up to the value associated with C in Fig. 1, and then reduced to zero, 
the idealized metal will describe the path C-C’, which is parallel to 
A-B. Upon reapplication of the stress, the stress-strain relation now 
retraces elastically the path C’-C, joining the path associated with the 
plastic state of C. In the idealized metal, the stress-strain relation 
in the plastic, as well as in the elastic, state, is considered to be in- 
dependent of rate of deformation. 

In actual metals, the transition from the initial part of the stress- 
strain curve, A-B, or C’-C, to the part associated with the plastic 
state is rarely ever abrupt or sharp. The extent of the transition 
region may often be narrowed considerably, though, by a special treat- 
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ment called “pre-straining’’. In this treatment the metal is given a 
permanent set, then either allowed to rest at room temperature for 
extended periods, as for example, several days, or it is subjected for 
a short time (1 hour) to a relatively low temperature (perhaps 
200 degrees Fahr.). This resting period, or thermal treatment, lowers 
the hysteresis which is associated in actual metals with the line C’-C. 

In actual metals the stress-strain relation associated with the 
plastic state is even more dependent upon rate of deformation than 
that of the elastic state. There is, apparently, a true speed effect (1)* 
which influences the height of the stress-strain curve, quite apart 
from the effect of speed upon the adiabaticity of the deformation. 
This speed effect is especially marked at elevated temperatures and 
comparatively small at room temperature. (In steels, for example, 
an increase in rate of strain at room temperature by a factor of 10 
raises the tensile strength by at most 5 per cent). The thermal effects 
of high rates of deformation are also greater in the plastic than in 
the elastic state, for the temperature rise which occurs in an adiabatic 
plastic deformation may be as large as a few hundred degrees 
Fahr. 

The elastic state of the isotropic idealized material is completely 
specified by Hooke’s law and by two elastic constants, but actual 
metals which have been subjected to deformation exhibit some 
anisotropy. If the material is anisotropic, more than two elastic 
constants are necessary to specify the elastic behavior. Further, 
because of the highly anisotropic nature of the individual crystals 
and because of their partially or completely random orientations, the 
elastic deformation is not uniform if viewed on too small a scale. 
These difficulties, which are always present, in no wise detract from 
the usefulness of the standard elasticity theory for media which are 
homogeneous and isotropic on a macroscopic scale. 

The behavior of metals in the plastic state has not been suc- 
cessfully systematized into a set of laws corresponding to Hooke’s 
law for the elastic state. However, two fairly successful systems 
for plastic behavior have been proposed. The first system, introduced 
by Mohr (2)**, focusses attention upon the planes of maximum 
shearing stress. In the second system, proposed by von Mises (3), 
attention is directed to certain quadratic invariants of stress and of 





*The figures appearing in parentheses refer to the bibliography appended to this paper. 


**In this paper the authors have associated the names of Mohr and von Mises with 
these viewpoints even though they realize other workers have contributed much to their 
development and application. 
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strain. These two systems may be regarded as complementary. In the 
first, deformation is regarded as highly anisotropic, simple shear 
strain occurring only across the planes of maximum shear stress. In 
the other, deformation is regarded as being perfectly isotropic, as in a 
viscous fluid. The plastic behavior of metals seems to be inter- 
mediate between that predicted by these two complementary systems. 

The authors believe that little progress is to be made in at- 
tempts to modify either the Mohr or von Mises systems to obtain 
better agreement with the few standard types of experiments. 
Rather it is believed that fruitful progress is possible only by a 
careful study of those experiments in which the plastic behavior 
is radically different from that predicted by either system. By such 
inquiries new concepts may be reached regarding the fundamental 
nature of plastic deformation. In the following sections, emphasis 
has been placed on those phases of plastic deformation requiring 
new physical concepts for their explanation. 

The stress-strain curve is terminated by rupture, and this is 
usually thought of as occurring suddenly, as represented by D in 
Fig. 1. In stress-strain curves actually recorded, however, the effect 
of rupture may be evident even before complete fracture occurs. In 
tensile tests on ductile materials, a macroscopic crack usually first 
starts in the interior of the specimen and considerable reduction in 
area will occur between the initiation of this macroscopic crack and 
complete rupture. 

The primary factor which determines the initiation of rupture 
is thought generally to be the maximum tensile stress without regard 
to transverse stresses. However, no thorough investigation has 
apparently been reported of the effects of transverse stresses, the 
amount and type of prior plastic deformation, and the micro- 
structure. In the following sections on rupture, these factors are 
considered in connection with a rather detailed model of the mecha- 
nism of rupture. In addition to correlating the available published 
data with this model, the authors present some new experimental 
data in corroboration. 


INITIATION OF PLASTIC FLOW 
Homogeneity of Initial Plastic Flow 


A strengthening of the material is usually associated with plastic 
deformation. The strengthening is revealed by a positive slope of 
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that part of the stress-strain curve pertaining to the plastic state, as 
in Fig. 1, and is necessarily associated with a homogeneous deforma- 
tion of the material, since a region will not continue to flow unless 
the surrounding regions have been equally strengthened. 

Some metals (4), particularly mild steel, require less stress for 
the continuance of plastic flow than for its initiation. This results 
in a sudden drop in the tensile stress-strain curve at the incidence of 
plastic deformation (Fig. 2), and also a heterogeneity of deforma- 


Upper Yield stress 


Influence of Increase 
in Strain Rate or Lowering 
of Temperature 


Strein——~ 


Fig. 2—Initial Portion of Stress-Strain Curve 
for Inhomogeneous Deformation. 


tion. The region which first yields is weakened, yielding an observ- 
able amount before the surrounding region begins deformation. The 
magnitude of the maximum stress in the elastic state, called the 
upper yield point, is very sensitive to the shape of the specimen, to 
the axiality of loading, and to the surface finish (5). It appears 
that the metal behaves elastically until the shear stress or shear ‘strain 
energy density reaches a critical value in some region of the bar. 
Once this region has yielded, its resistance to further deformation 
is lowered. The redistribution of stress, occasioned by this local 
yielding, raises the stress in neighboring regions (6), so that the 
neighboring regions yield under a lower net load. Any local stress 
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concentration will thus lower the maximum average stress, and 
hence the maximum load, before yielding. (Surface imperfections 
and the fillets are the usual sources of high stress concentrations. ) 

In the tensile bar the initial heterogeneous deformation occurs 
along planes inclined at nearly 45 degrees to the axis of the specimen, 
as shown in illustration a of Fig. 3. The measured stress during 
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Fig. 3—-Examples of Heterogeneous Deformation. 


this heterogeneous flow fluctuates rapidly about a constant value 
until all the material in the gage length has been traversed by de- 
formation bands (commonly called “Liiders’ bands’). The mean 
stress during the heterogeneous deformation is called the lower yield 
stress. The value of this lower yield stress is believed to be much 
more sensitive to rate of deformation and to temperature than is the 
strain-hardening curve. Hence the stress-strain curves at various 
rates of strain may be represented, to a fair approximation, as in 
Fig. 2, by the elastic portion and the strain-hardening portion joined 
by horizontal lines. The height of each horizontal line is a function of 
temperature and of rate of deformation. The dependence of the 
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upper yield point upon temperature has, apparently, not been re- 
ported in the literature. 

In stress systems where distribution of stresses is not uniform, 
as in bending and in twisting, the deformation bands associated with 
initial yielding must spread gradually from the more highly stressed 
surface to the less stressed interior. In such cases the load does not 
drop abruptly at the upper yield point, but fades off in a gradual 
manner calculable from theory (7). Many excellent examples of 
the deformation bands at the initiation of plastic deformation in 
various shaped specimens have been illustrated by Nadai (8). Some 
are reproduced in Fig. 3. 

The phenomenon of an initial drop in stress, with its accompany- 
ing heterogeneous deformation, may be readily understood by con- 
sidering the general features of plastic deformation in polycrystal- 
line aggregates. Since the plastic deformation of the grains occurs 
by slip along crystallographic planes, aside from possible twinning 
the strain is uniform throughout the grain.* Because of differences 
in orientation, the strains of adjacent grains will not be the same. 
This discontinuous change in strain across grain boundaries makes it 
necessary that for plastic deformation to occur, the material on one 
side of a boundary be displaced tangentially relative to the material 
on the other side. Such displacement will be hindered by the pres- 
ence of hard precipitates along the grain boundaries. Plastic deforma- 
tion of polycrystalline aggregates must therefore involve both plastic 
deformation of the individual grain and the displacement of the 
material on one side of a grain boundary relative to the material on 
the opposite side (9), (10). The yield stress depends either upon the 
resistance of the grain to plastic deformation or upon the resistance 
of the grains to relative movement, which ever is the smaller. In the 
former case the strain-hardening curve will be rather similar to that 
of single crystals. In the latter case the stress necessary to overcome 
the resistance to relative motion may be very much higher than that 
which an isolated crystal will support without yielding. The resistance 
will be overcome first in a localized region where the stress has been 
concentrated. This localized yielding will result in a redistribution 
of stress. The shearing stress will be raised on those planes which 
pass through the localized region on which the shearing stress is 
already a maximum, as has been shown by Nadai (6). This increase 
of stress will cause further failure at other boundaries, with a still 


*The words grain and crystallite may be used interchangeably. 
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further increase of shearing stress along a common plane of maxi- 
mum shear stress. Yielding will thus be catastrophic along planes of 
maximum shear stress. 

The above explanation of the initial yielding in mild steel, with 
the attendant heterogeneous deformation, seems to explain all the 
observations known to the authors regarding this phenomenon. These 
observations are: 

1. The lower yield is raised by a decrease in grain size (11), 
and disappears in large grained specimens (12). The larger the total 
area of the grain boundary, the greater will be the restraint which it 
imposes. 

2. The heterogeneous deformation is found only in steels with 
a comparatively low tensile strength. A large increase in the re- 
sistance of the interior to slip prevents it, since heterogeneous de- 
formation can occur only when the initial deformation is hindered by 
resistance to relative motion at the grain boundaries, rather than to 
the resistance to slip of the grains themselves. 

3. Heterogeneous deformation does not occur in very pure iron. 
Removal of the last traces of insoluble impurities will remove the 
marked resistance to relative movement at the grain boundaries. 

4. The sharp yield phenomenon, removed by a prior cold 
working, returns slowly upon aging, and may even be accentuated 
by such treatment (10). “Killing” (thorough deoxidation) prolongs 
the time required for aging. The precipitation of impurities in steel 
is probably never complete at room temperature. It is well known, 
however, that the precipitation is hastened by cold deformation. 
Therefore the relative movement at the grain boundaries accelerates 
further precipitation, which, in time, restores the ability of the grain 
boundaries to resist further slip. If the steel has been thoroughly 
deoxidized at molten temperatures it can be assumed that most of the 
gases have already been removed from solution. Therefore they can- 
not form further precipitates after deformation. This observation 
on the difference between killed and unkilled steels suggests that the 
effective precipitate at the grain boundaries may be oxides, or nitrides, 
which are thought to be associated with aging phenomena (13). 

5. With strain aging the restoration of the discontinuous yield- 
ing is much more rapid than is the raising of the tensile stress. This 
is in agreement with the commonly accepted view that in many cases 
precipitation occurs more rapidly along grain boundaries than in the 
interior of the grains. 
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Conditions for Initiation of Plastic Flow 


The stress at which a particular metal passes from the elastic to 
the plastic state can be determined by experiment, within limits, for 
any particular type of stress. It would be of considerable practical 
value if a test under one combination of stress could suffice to predict 
the boundary between the elastic and the plastic state under all stress 
combinations. 

In single crystals with well defined planes of easy slip the cri- 
terion for plastic flow has been well established (14). The shearing 
force across at least one slip plane, resolved along a slip direction, 
must equal a critical value. The criterion for polycrystalline metals 
has been more difficult to establish, partly because the transition be- 
tween elastic and plastic state is often ill defined, and partly because 
of the difficulty of obtaining isotropic specimens. 

Numerous criteria have been proposed for polycrystalline metals. 
The two which have been most successful are Mohr’s (2) hypothesis 
of maximum shear stress (also sometimes called Guest’s law), and 
von Mises’ (3) hypothesis of maximum shear energy (also some- 
times called the Hencky-von Mises-Haigh theory). According to 
the first criterion, plastic deformation begins when the maximum 
shear stress in the material exceeds a critical value; according to the 
second criterion, it begins when the elastic shear energy exceeds a 
certain critical value. The elastic energy of deformation is a quad- 
ratic function of the stress components. This quadratic function may 
be written as the sum of two terms. The first term, called the 
elastic dilatation energy, depends only upon the bulk modulus, and 
the second term, the elastic shear energy,* only upon the shear modu- 
lus (15). According to the von Mises hypothesis, as stated above, 
the metal remains elastic until the elastic shear energy exceeds a 
certain critical value. 

The two criteria for yielding may therefore be written as 


maximum shearing stress = critical value (Mohr) 


elastic shear energy = critical value.* (von Mises). 


The Mohr and the von Mises hypotheses may be compared with 
experiment by determining the yield conditions under two types of 
stress patterns (16). Two convenient types of stress patterns are 





*Elastic shear energy is proportional to the function Sr defined by. Eq. (a-3) in 
Appendix A 
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associated with pure tension and pure torsion. In pure tension, the 
maximum shearing stress is equal to one-half the tensile stress. 
Hence, the Mohr hypothesis gives 


So = 0.50To, (Mohr) (1) 


where S, is the shearing yield stress in pure torsion and T, the ten- 
sile yield stress in pure tension. Since according to Eq. (a-3) the 
shear strain energy is proportional to (2/9) T,” at the inception of 
plastic flow in tension, to (2/3) S,* at the inception of plastic flow 
in torsion, the von Mises hypothesis gives 


So = 0.577To. (von Mises) (2) 


The Mohr and von Mises hypotheses may be better compared 
with experiment by observing the yield conditions under many differ- 
ent types of stress patterns. Experiments have been performed in 
which tension and torsion were applied to hollow cylinders in vari- 
ous combinations simultaneously. When a solid is subjected to a 
tensile stress T and at the same time to a shear stress S across planes 
transverse to the axis of tension, the maximum shearing stress is 
given by {S? + (T/2)*}%. Thus, yielding begins according to the 
Mohr hypothesis when 


{S* + (T/2)?} = (To/2)’. 


or (Mohr) 
4(S/To)*? + (T/To)? = 1, 


where T and S refer to the tensile and shearing stress at plastic yield- 
ing under combined stresses and To refers to the particular tensile 
stress at the yielding in pure tension in which S is zero. For yield- 
ing under these combined stresses, the von Mises hypothesis requires 
that 


3 (S/To)? + (T/To)* = 1. (von Mises) 


The results of typical experiments are presented as Fig. 4 from which 
it is seen that copper and aluminum obey the von Mises hypothesis 
almost precisely. In the opinion of Taylor and Quinney (17), the 
divergence in the case of mild steel is due to the anisotropy of the 
thin walled tubes, which condition could not be entirely eliminated. 
At first sight it is surprising that yielding in single crystals is 
determined by the maximum shear stress, while in most polycrystal- 
line metals it is determined by the maximum shear strain energy. 
This apparent discrepancy may be resolved by considering the effects 
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either of the random orientation of the individual crystallites, or of 
the restraints imposed upon each crystallite by its neighbors. Sachs 
(18) has shown that for a single crystal the relation between the 
tensile stress necessary for yielding, averaged over all orientations of 
the crystal, and the corresponding averaged shear stress, is very 
nearly the same as that given by the von Mises hypothesis, Eq. (2). 
Taylor (19) has shown that the restraints imposed by a crystal’s 
neighbors prohibit simple shear on only one set of crystallographic 


5/To 
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Fig. 4—Yielding Under Combined Stresses (17). 


planes, but require the simultaneous operation of five sets of planes. 
This restraint requires that planes other than the one across which 
the shearing stress is a maximum operate to aid plastic deformation. 
Since only the von Mises hypothesis takes account of all the shear- 
ing stresses, it is to be expected that this hypothesis is the more ap- 
propriate criterion for yielding. In some metals the resistance to slip 
of the grain boundaries is greater than that of the crystallographic 
planes, and yielding is catastrophic along planes of maximura shear- 
ing stress. Since only one set of planes is operative in yielding, the 
Mohr hypothesis should be the more applicable. In the experiments 
of Taylor and Quinney (17) in Fig. 4, the mild steel had been given 
a prior strain and so did not have an initial drop in stress. The 
experimental determination of the condition for the initiation of yield 
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in annealed mild steel is particularly difficult because of the sensi- 
tivity of the maximum stress to surface finish and to the sharpness 
of the fillets. 


PLastic Flow 


Relation Between Stress Pattern and Plastic Flow 


In a few simple stress patterns the nature of the plastic deforma- 
tion may be predicted from considerations of symmetry. In a uni- 
axial stress system, for example, the material will extend along the 
stress axis and contract half this amount along the transverse direc- 
tion. However, the nature of the plastic deformation cannot be so 
predicted in the complex stress patterns found in engineering struc- 
tures without making some new assumption as to the behavior of the 
material. 

Two alternative systems have been proposed relating to the laws 
governing plastic deformation in metals. In the first (Mohr), de- 
formation is considered to take place by simple shear across the 
planes of maximum shearing stress. Since the orientation of these 
planes, as well as the shearing stress across these planes, is determined 
solely by the maximum and minimum principal stresses, the inter- 
mediate principal stress will have no effect upon the plastic flow. In 
the second (von Mises), the plastic deformation of metals is gov- 
erned by the same laws as is the plastic deformation of isotropic 
amorphous solids. These laws have been completely described in 
Appendix A, and are there specified by Eq. (a-2). 

A comparison of the two theories is best made by a diagram first 
used by Lode (16). In this diagram the ordinate is a measure of 
the deviation of the intermediate principal strain from the mean of 
the maximum and the minimum principal strain. The ordinate is 
defined explicitly as 


2e2— (e1 + es), 
De iON ccaistiaiienticbiem blends 


(strain) 
— a = 
€,, @., €, being the principal strains in descending order of magni- 
tude. The abscissa in the diagram is the corresponding function of 
the principal stresses ; 
2S2— (S: + Ss). 


Lo  - (stress) 
S: a Ss 


where S,, S., S, are the principal stresses in descending order of 
magnitude. The relationships between A and » given by these two 
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theories of plastic flow are presented as Fig. 5, together with the care- 
ful experimental observations of Taylor and Quinney (17). 
According to the Mohr theory, the intermediate principal strain, 
and hence also A, is zero except in singular cases, for example when 
two principal stresses are equal. In these singular cases the plastic 
deformation is somewhat indeterminate. This indeterminacy is elim- 
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Fig. 5—Lode’s Diagram for Relation Be- 
an Stress and Strain During Plastic Flow 
17). 


inated only by the additional assumption that when the stress has 
axial symmetry the strain also has axial symmetry. According to 
the von Mises theory, A and p» are equal, as may be verified directly 
from Eq. (a-2). The experimental observations for metals lie be- 
tween the curves associated with the two theories, but much nearer 
the von Mises curve. The observations for the amorphous solid, 
glass, indicate that it deforms plastically very closely in accord with 
the von Mises theory. The anisotropy introduced during plastic flow 
should render these relations of Mohr and von Mises less applicable. 
However, experiments at large strains have not been performed to 
observe the manner of the divergence. 


Strain Hardening 


A complete solution of the problem of plastic deformation will 
not only define the conditions for the initiation of plastic deforma- 
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tion, and the relation between stress and plastic flow, but it will also 
predict the strength properties in terms of microstructure and also 
the changes in the strength properties with plastic strain. The de- 
pendence of tensile strength upon microstructure of steels has been 
discussed by Gensamer (20) and collaborators. It appears to depend 
primarily upon the mean ferritic path. Since a metal is usually 
strengthened by plastic strain, the change in strength with deforma- 
tion is customarily referred to as “strain-hardening”’. 

The strain-hardening properties of single crystals are fairly well 
understood. The crystals shear across certain crystallographic 
planes (usually the planes of closest packing) along certain crystallo- 
graphic directions (usually directions of closest packing). The 
strain-hardening curve is independent of the type of deformation 
if the shear stress resolved across the slip planes in the slip direction 
is plotted against the corresponding shear strain. Further, the strain- 
hardening is isotropic. Slipping across one set of planes strengthens 
the crystal with respect to slip across all sets of slip planes, irrespec- 
tive of their orientation. A basis for a quantitative theory of the 
atomistic mechanism of strain-hardening has been proposed by 
Taylor (19). A review of the literature on this subject has been 
presented recently by Read and Seitz (21). 

In contrast to single crystals, comparatively little is known con- 
cerning the strain-hardening properties of polycrystals. The anisot- 
ropy in strength properties introduced by plastic deformation has 
been investigated only in the very special case of rolling of sheet. 
The relation between the strain-hardening introduced by different 
types of deformation has been studied only for very small strains. 
isolated observations have been made on the effect of reversed 
strains upon strength. Except for small deformations strain-harden- 
ing has apparently been investigated thoroughly only for tension 
and for torsion. Usually these investigations have been conducted 
with the specimens at a constant temperature, and the stress-strain 
curves so obtained are said to be isothermal. On the other hand, 
in many engineering applications of metals the deformation is so rapid 
that no appreciable amount of heat is conducted away during the 
deformation. The relation between stress and strain under these 
conditions is said to be adiabatic. It is well known that strain- 
hardening is, to some extent, a function of rate of deformation, but 
the rate must change by a large factor to have an appreciable effect 
upon the stress-strain curve. Stress-strain curves, as usually ob- 
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tained, therefore may be regarded as pertaining to a constant rate 
of deformation. 


Constant Temperature and Rate of Deformation 


In Tension—The true stress-strain curve associated with uni- 
axial tension becomes linear after a small initial distortion, provided 
the natural, rather than the conventional, strain is used. Many such 
linear stress-strain curves have been recorded by MacGregor (22), 


Gensamer (23), and Hollomon (24) and a typical actual example 


for an S.A.E. 1020 steel is presented as Fig. 6. In the following 
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Fig. 6—Tension and Torsion Curves for Annealed S.A.E. 1020 Steel. 


discussion of tensile deformation, the non-linear part of the plastic 
portion of the stress-strain curve will not be considered.* The re- 
lation between the natural strain, e, and the conventional strain 
Al/l, is shown by the following equation: 


e = In (1 + Al/l.). 


The natural strain is determined experimentally by observing changes 
in the cross section. From the above equation, it is seen that e will 
be given also by the relation 


*It is recognized that the linear part of the stress-strain curve represents only an 
average, since the stresses are not strictly constant across a necked region. 
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e = In (A./A), 


where A, and A are the original and final cross sectional areas, 
respectively. In plotting a true stress-strain curve, e is the natural 
abscissa, since the area under such a curve represents the work done 
per unit volume of the material. No simple physical significance can 


be attached to the usual curve in which true stress and Al/I, are the 
co-ordinates. 
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Fig. 7—Slope Versus Intercept for Tensile Strain 
Hardening Curves. 


The linearity of the stress-strain curves extends to the highest 
strains which have been measured, namely to strains of 3.5. The 
range of the observed strain has been greatly extended by Bridgman 
(25), who has placed his specimens under exceedingly high hydro- 
static pressure during the extension, thereby obtaining reductions 
of area approaching 100 per cent. 

The linearity of the tensile stress-strain curves enables them to 
be specified by only two parameters, and hence represented by a 
single point in a plane in which these parmaeters are co-ordinates. 
All the stress-strain curves for plain carbon steels available to the 
authors are thus represented in Fig. 7. In this figure the abscissa 
is the intercept on the stress axis of the extrapolated linear part of 
the stress-strain curve in the plastic region. 

Fig. 7 includes four sets of data in each of which the same steel 
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has been subjected to different heat treatments. In each set, the 
higher the intercept, the larger the slope—i.e. the stronger the steel, 
the larger its increase in strength due to a given strain. This cor- 
relation of slope and intercept for a given steel is in agreement with 
the well known decrease with drawing temperature of Meyer’s work 
hardening index (26). The effect of carbon content upon the strain 
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Fig. 8—Effect of Carbon Content on Slope of 
Strain Hardening Curve. 


hardening of plain carbon steels is illustrated in Fig. 8, derived 
(24) from some of the data shown in Fig. 7. The general increase 
in rate of strain hardening with carbon content has also been observed 
in the rolling of sheet (27). 

In Torsion—Since comparatively few results of torsion experi- 
nents have been reported, no standard convention has been adopted 
for the representation of the data. The most significant method is to 
plot the shearing stress at the surface against the shearing strain at the 
surface. There is a standard formula by which the shear stress at 
the surface of a solid cylinder may be calculated from the measured 
torque (28). The surface shear strain is given by %2¢D/L, where 
D and L are the diameter and length of the gauge and ¢ the total 
angle of twist in radians. 

A typical surface shear stress versus surface shear strain curve 
is presented in Fig. 6. The area beneath this curve represents the 
work done per unit volume, just as in the case of the tensile stress- 
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strain curve. However the shapes of the shear and tensile curves 
are very different. The tensile curve soon becomes a straight line, 
representing a constant rate of strain hardening, but the shear curve 
becomes less and less steep, representing a decreasing rate of strain 
hardening with increasing strain. The difference in the qualitative 
nature of the two curves may be understood by considering the de- 
tails of strain hardening. In a later section, it is shown that the 
phenomenon of fracture can be best understood by the assumption 
of microscopic cracks.* Such cracks necessitate that the strain hard- 
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Fig. 9—Change in Orientation of Cracks During Plastic Deformation. 
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ening of the matrix be at least partially counteracted by the propaga- 
tion of cracks. The weakening effect of the cracks can be expected 
to be much more drastic in the case of torsion than in tension. In 
tension the reorientation of the cracks would tend to make them less 


*In this report the term ‘“‘crack’’ is used to refer to an internal surface or plane of 
weakness across which the binding forces are negligible. As is pointed out in more detail 
in the section Rupture, such “cracks’’ might be, but are not necessarily present in the 
virgin material. In the latter case the virgin material might contain internal surfaces 
across which the binding is weak, and which finally result in cracks sometimes prior to or 
at the point of rupture. Such internal cracks could also arise if the virgin material con- 
tained brittle constituents whose nondeformability would lead to high stress concentrations 
and hence to their eventual fracture. 
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harmful, but the reorientation accompanying shear strain would 
render them more effective in reducing the resistance of the material 
to shearing stresses. This difference in reorientation effects is 
illustrated schematically in Fig. 9. 

Illustration B of Fig. 9 suggests that the strength properties of 
a specimen are rendered anisotropic by an initial twist. In the 


vicinity of a crack, the specimen will tend to relieve shearing stresses 
by a simple shear along planes parallel to the crack. When the 
16 
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Fig. 10—Parametric Representation of Stress-Strain 
Curves in Torsion. 


cracks are not randomly oriented, as is the case after a substantial 
twist, the flow properties can no longer be isotropic. The anisotropy 
in distribution of the cracks caused by twisting is in such a sense that 
slipping across the cracks will cause further twisting to be accom- 
panied by an elongation, and this effect has been observed by 
Fetzer (29). Further, if a tensile stress is applied after an initial 
twist, the distribution of the cracks is such as to cause the specimen 
to continue to twist in the original sense as it elongates. The 
authors are unaware of any reference to this phenomenon in the 
literature. 

For torsion, plots of stress against log of strain are essentially 
linear beyond a log strain of 0.1, at least for iron and steels. All 
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except the first part of the stress-strain curve in torsion may be 
specified by two parameters, and hence represented by a point on a 
plane. All the torsion stress-strain curves for plain carbon steels 
available to the authors are thus represented in Fig. 10. In this 
figure the abscissa is the value of the linear part of the stress versus 
log strain curve extrapolated to a log strain of 0.1. Two sets of 
data are included in which steels of increasing carbon content were 
given the same heat treatment. In both sets, the higher the carbon 
content the higher the intercept and also the higher the slope. 

General Case—The term strain hardening has thus far been 
used only in reference to specific stress-strain curves. This term 
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Fig. 11—Effect of Torsion on Strength in Tension (31). 


may be given a more general significance if the hardening associated 
with deformation is essentially isotropic. If an initially isotropic 
specimen remains isotropic after deformation, then the term “strain 
hardening” can refer to the material without reference to the partic- 
ular type of deformation to which the specimen has been subjected. 
The meager evidence in the literature indicates that strain hardening 
is, in fact, essentially isotropic. Copper and brass sheets hardened 
by rolling have practically the same tensile strength measured trans- 
verse to the axis of rolling as measured along this axis (30). The 
rise in the stress-strain curve in tension occasioned by prior twist- 
ing (31) is consistent with the rise in torsional strength associated 
with this twist (Fig. 11). Similarly, the torsional stress-strain 
curve is raised by a prior elongation by an amount consistent with 
the increase in tensile stress (31). 

If strain hardening is essentially isotropic, then the possibility 
exists of correlating the strain hardening associated with one type 
of deformation with that of other types, for example, the strain 
hardening curve for tension with that for torsion. This correlation 
cannot be made without some new assumption. Two alternatives 
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are possible depending upon whether the Mohr or the von Mises 
viewpoint is adopted. 

According to the Mohr viewpoint, deformation proceeds by 
simple shear across the planes of maximum shearing stress. The 
strain hardening will therefore be a function only of the total shear 
strain, s, across these planes. Hence all strain hardening curves 
should be identical if the maximum shear stress, S, is plotted against 
total shear strain s. As an example, the method of correlating ten- 
sile and torsion stress-strain curves is presented in the following: 
If T is the tensile stress, then % T is the maximum shear stress, 
across planes inclined 45 degrees to tensile axis. The total shear 
strain across these planes, equivalent to a tensile strain (natural) of 
e, is 2e. Hence if % T is plotted against 2e, one should obtain 
the same curves for tension as one obtains by plotting the shear 


stress against shear strain in torsion. ‘This may be expressed sym- 
bolically as follows: 


(4%T, Ze) =-.(S, 8), (Mohr) 


According to the von Mises viewpoint, the only invariant which 
may be associated with an increment of strain is a certain invariant 
quadratic function de,;* of the components of strain increments, 
defined by Eq. (a-4) of Appendix A. The amount of strain as- 
sociated with a finite deformation must therefore be defined by the 


integral 
= q de - 
I 


The stress, S;, associated with this strain is defined by Eq. (a-3) 
of Appendix A. According to the von Mises viewpoint, a plot of 


*The present authors’ application of the von Mises viewpoint to the problem of cor- 
relating different stress-strain curves is quite different from that recently presented by 
Nadai and Davis (32). In their treatment of simple shear, in effect, the latter authors 
considered the strain e1 to be determined solely by the end configuration. In evaluat- 
ing the integral 

=f det, 


they implicitly assumed the final configuration to be reached by a deformation in which 
the principal axes of the strain remain fixed in the material, which is certainly not the 
case in simple shear. This assumption was made perhaps unwittingly, for their definition 
of der in terms of principal strain increments rather than in terms of an invariant ex- 
pression of all the strain components. With such a definition of dei, it woula not be 
obvious how to calculate e1 in those cases where the principal strain axes rotate in the body 
during the deformation. 

The difference between the a interpretations of the von Mises theory may perhaps 
best be clarified by an example. If a specimen is first twisted and then ‘uatwiated to its 


initial position, the Nadai-Davis method of considering only the initial and final configura- 
tion, carried to its logical conclusion, would give a zero final hardening. On the other 
hand, the hardening as calculated by the method of the present authors would be the 
same as if the bar were twisted twice the initial amount in one direction, none in the 
other. The experiments of Swift (Fig. 11) on twisting and untwisting substantiate the 
interpretation of the von Mises viewpoint adopted in this paper. 
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Sr versus e; should be the same for all types of deformation. As 
an example, tensile and torsion stress-strain curves are compared 
in the following. According to Eqs. (a-3) and (a-4), S; and de; 
are related to the tensile stress T and tensile strain increment de by 


S: = (V2/3) T 
de: = (3/x/2) de 


and to the shear stress S and shear strain increment ds in simple 
shear by 


S:1= (V/2/3) S 
der = (3/2) ds. 


The stress-strain curves in tension and in simple shear are therefore 
to be correlated as follows: 


(T/ V3, V3e) = (S,e) (von Mises) 


A test of the correlation of strain hardening according to the von 
Mises viewpoint has been made by Schmidt (32). He found, for 
small strains, the stress-strain curves in which S, is plotted against e; 
to be identical in the case of a thin walled tube subjected to various 
combinations of axial tension and internal pressure. 

The strain hardening curves for tension and for simple shear 
are not identical, either according to the Mohr or to the von Mises 
viewpoint. A comparison is given in Fig. 12 from data obtained by 
the authors. The strain hardening for simple shear agrees fairly 
well with that for tension for very small values of strain, but soon 
becomes much less than that for tension. This disagreement after 
small deformations has two obvious possible interpretations. One 
interpretation blames the disagreement upon the Bauschinger* and 
related effects which prevent strain hardening from being represented 
strictly by a simple scalar quantity. Since the Bauschinger effect 
is eliminated by a low temperature anneal, if it were responsible for 
the relatively slow rate of work hardening in torsion, the discrepancy 
between tensile and torsion stress-strain curves would largely dis- 
appear in experiments made at slightly elevated temperatures. 
The discrepancy however does not disappear at elevated tempera- 
tures (29). 


An alternative explanation of this discrepancy may be found 


*It is generally assumed that plastic strain lowers the yield point with respect to strains 
of an opposite sign, i.e., a tensional plastic strain lowers the yield point in compression. 
This phenomenon is called the Bauschinger effect. 
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in the concept of microscopic cracks. As has already been men- 
tioned, the reorientation and elongation of these cracks in simple 
shear cctinteracts the strain hardening of the matrix. This interpre- 
tation suggests that the torsion stress-strain curves are much more 
sensitive to variations in the size and distribution of these cracks 
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Fig. 12—Comparison of Stress-Strain Curves in Tension and in Simple 
Shear (Torsion). 


than the tensile stress-strain curves. This new interpretation also 
suggests that the stress-strain curve in simple shear will depend 
markedly upon the orientation of the shearing plane if the cracks 
have been previously given a preferred orientation by processing 
(rolling for example). 


Effect of Temperature and Rate of Deformation 


The qualitative equivalence of an increase of temperature to a 
decrease in rate of deformation upon the effect of the mechanical 
properties of metals is well known. The property most thoroughly 
studied is the tensile strength, and for steels it varies with tem- 
perature as shown schematically in Fig. 13. The variation with 
rate of deformation may be expressed in either of two ways. A 
set of curves similar to the curve in Fig. 13 may be drawn with 
horizontal displacements, to the right for higher rates of deformation 
and to the left for lower rates. On the other hand, as has been 
pointed out, the effect of rate of deformation can be represented by 
the same curve as Fig. 13, by letting the abscissa be some measure 
of this rate.* The initial decrease in tensile strength, from A to B, 





*Carpenter and Robertson, loc. cit., p. 164. 
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with either increasing temperature or decreasing rate of strain is 
associated with the persistence of a small plastic flow for a short 
time after a constant load is applied. The hump (C of Fig. 13) in 
the curve is associated with strain aging, which is thought to be due 
to the precipitation of carbides, nitrides, oxides, etc. (13). Both 
the precipitation and the growth of the large precipitate particles at 
the expense of small particles are accelerated by an increase in 
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Temperature ——~- 
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Fig. 13—Tensile Strength of Plain Car- 
bon Steels as a Function of Temperature and 
Rate of Deformation. 


temperature. As in all precipitation phenomena, these two conflict- 
ing tendencies result in a maximum hardness at some optimum 
temperature. Since precipitation induced by deformation cannot, 
of course, affect the yield stress, it therefore decreases steadily with 
an increase in temperature as well as with a decrease in the rate of 
deformation—to strain rates at least as low as one inch per inch per 
week (33)—through the region in which the tensile strength rises.* 
An interesting example of the qualitative equivalence of changes in 
temperature and in rate of strain upon the direct measurements of 
hardness is given by Cleaves and Thompson (34). The minimum 
in the hardness is shifted from 100 degrees Cent. as measured in 
static tests to 300 degrees Cent. in dynamic tests. 

The effect of very high rates of deformation upon the stress- 
strain curve is very important to certain engineering applications, 


*Sisco, loc. cit., p. 174. 
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but the direct determination of this curve at high rates of deforma- 
tion is attended by almost insuperable difficulties. It is possible 
that these difficulties may be circumvented by making use of an 
equivalence of a decrease in temperature to a definite increase in the 
rate of deformation. The desired stress-strain relations could then 
be obtained by making the observations at sufficiently low temper- 
atures using convenient rates of deformation. 

In order that a given high rate of deformation may be cor- 
related with a given low temperature, it is necessary to obtain a 
quantitative equivalence. The authors propose that a quantitative 
equivalence may be derived for temperatures and rates of strain in 
the region indicated by AB in Fig. 13. The formal expression is 
given by the following equations relating stress (S) to strain (e). 


S = Sp (e), 
p=p (é,T). 

The general form of the function p(é, T) may be obtained 
from theoretical arguments. Since the parameter p must be dimen- 
sionless, it must be expressible as a ratio of the rate of deformation 
and of some other time rate. This second time rate must be 
connected with the material itself. Nearly all time rates associated 
with materials are governed by heats of activation, that is, their 
dependence upon temperature is given by an equation of the form 


time rate = f,e"%/**, (3) 


where T is in absolute degrees, Q is the heat of activation, which 
if expressed in calories per gram atom, makes the constant R equal 
to 1.96, and the constant f, has dimensions of time?. For the 
purpose of the present discussion the precise value assigned to the 
constant f, is immaterial. If, as is desirable, the parameter p is 
to have a physical interpretation, then f, must have some theoretical 
significance. The value usually assigned to this constant in diffusion 
problems is that first given by Dushman and Langmuir (35), namely 


f£. = JQ/Nh, 


where J is the mechanical equivalent of heat, N is Avogadro’s 
number, and h is Planck’s constant. If Q is in calories per gram 
mol, then (J/Nh) is 1.06 & 10%°. When f, is so interpreted 
the time rate of Eq. (3) is essentially the number of times per second 
any given atom acquires the heat of activation, QO. It is therefore 
expected that the parameter, p, will be of the form 
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p = ée%/*7/f,. (4) 

An example of the relation between the effects of rate of de- 
formation and of temperature, as given by Eq. (4), is shown in 
Fig. 14. In this figure the observations of Nadai and Manjoine (36) 
concerning the influence of speed and temperature upon the true 
stress at the maximum load for copper are given as a function of 
the parameter p. If the heat of activation is chosen as 27,000 
calories/gram mol. all the observations below 600 degrees Cent. (1110 
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Fig. 14—Suggested Dependence of Tensile Strength of Copper Upon Tem- 
perature and Rate of Strain (36). 


degrees Fahr.) lie nearly on a single curve. The measurements at 
600 degrees Cent. and over were found not to lie upon this curve. 
The meager data (36) available for steel indicate that the parameter 
p is unchanged by the simultaneous increase of strain rate by a 
factor of 10° and of the temperature from —100 to 200 degrees Cent. 
Substitution of this information into Eq. (4) gives the heat of 
activation for steel, below the blue brittle range (below B in Fig. 13), 
equal to about 9000 calories/gram mol. 

The equivalence of a decrease of temperature to an increase of 
rate of deformation determined by Eq. (4) is illustrated vividly in 
Fig. 15. In this figure the ordinate gives the effective increase in 
rate of strain associated with a decrease in temperature. 

When the rate of deformation is sufficiently high, no appreciable 
amount of heat is conducted away from the region of deformation 
until straining has ceased, and the deformation is said to be adiabatic. 
Two conflicting tendencies are present when the deformation changes 
by an increase in speed of deformation from isothermal to adiabatic. 
The increase in speed is equivalent to a decrease in temperature but 
the actual temperature is varied by the adiabaticity of the deforma- 
tion. The first effect will dominate in the early part of the deforma- 
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Fig. 16—Effect of Adiabaticity on a Stress-Strain Curve. Armco 
Iron at —160 Degrees Cent. (38). 
tion, before the temperature has been raised appreciably. As the 
rise in temperature increases with increasing deformation, its effect 
may finally dominate. At least outside of the blue brittle region, 
the stress-strain curve will therefore be raised relatively more in 
the first part than in the last part, resulting in a flatter stress-strain 
. curve. An example for the case of tension has been given by Clark 
and Datwyler (37). This flattening will be especially marked for 
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torsion stress-strain curves, which are already very flat compared 
with the tensile stress-strain curves. The torsion stress-strain curves 
at various rates of strain have been studied in detail by Itihara (38). 
A typical example is given in Fig. 16. 


RUPTURE 


Ouasi-Static 





General Theory—Finally as the stress is increased during plastic 
deformation, rupture occurs. The commonly accepted criteria of 
rupture requires that it occur when the maximum extension, the 
maximum tensile stress, or the maximum shearing stress (Appen- 
dix B) reaches a critical value. The validity of these criteria has 
been questioned by Bridgman (39), since 1912, on the basis of 
several observations of the anomalous behavior of some materials 
when subjected to various combinations of stresses and hydrostatic 
pressure. 

The theoretical strength of a metal or other material is calcu- 
lated by physicists from the maximum possible attractive force 
between atoms or molecules and the postulate that failure will occur 
when this force is exceeded. This method of calculation results in 
a value for the rupture strength which is far greater than that which 
is actually measured. The divergence between the actual and pre- 
dicted strength is attributed to imperfections in the structure about 
which there has been considerable speculation as to their nature, 
size, and origin (21). A natural outgrowth of this speculation is 
to attribute much of the lack of understanding to these nebulous 
nuclei of weakness and to divert curiosity to other problems. 

Even though the currently accepted criterion of failure, that 
of maximum tensile stress (See Appendix B), suffices for most 
engineering purposes, on the basis of this criterion alone the vari- 
ation of the strength cannot be correlated with variations in struc- 
tural characteristics of materials. It is therefore necessary to look 
further for a more fundamental and fruitful theory which will 
serve to predict. the variation of maximum tensile stress necessary 
for fracture with structural characteristics of materials subjected 
to the usual engineering stress systems. 

In 1921 Griffith (40), (41) postulated that in all materials 


there are minute cracks. He pointed out that these cracks cannot 
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propagate under a given stress pattern unless such propagation 
results in a continuously decreasing net potential energy. The propa- 
gation of a crack will result in an increase in potential energy due 
to the formation of the new surfaces and a decrease in energy due 
to the release of the elastic stress in the material surrounding the 
separation. The energy may also be decreased by a change in the 
external constraints which may arise from the separation of the 
material. Failure will occur only when these counteracting effects 
result in a continuous net decrease of the potential energy with the 
spreading of the crack. This is fundamentally a stability condition ; 
that is, a material containing cracks of a given size becomes un- 
stable and fails when the maximum principal stress approaches a 
critical value determined by the size and orientation of the cracks, 
and by the other two transverse stresses. The larger the size of 
the imperfection the less stress is necessary for its extension. A 
quantitative relation between the size of the crack and the fracture 
stress may be obtained by the following consideration: A homo- 
geneous specimen is assumed to deform by such external constraints 
as to produce a uniform tensile stress T. The strain energy per 
unit volume is then % T?/E, where E is Young’s modulus. Now 
suppose a disk-like crack is formed, of radius r, in a plane normal 
to the axis of the tensile stress. The increase in potential energy 
due to the formation of a new surface is the surface energy per 
unit area multiplied by the area of new surface; or 


Surface Energy = 27r’S, (5) 


where S is the surface energy per unit area. On the other hand, 
the strain energy density will be reduced on both sides of the crack 
to a distance comparable with the radius of the crack. The decrease 
in strain energy will be approximately equal to the original strain 
energy density multiplied by the volume of a sphere of radius r; or 


Strain Energy = —C(4tr’*/3) YZT’/E, (6) 


where C is a constant of the order of magnitude of unity. The 
crack will spread if in so doing the strain energy will decrease faster 
than the surface energy increases. From Eqs. (5) and (6), the 
critical value for the tensile stress which makes 
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d (surface energy)/dr + d (strain energy)/dr = O 





is given by 
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In Griffith’s theory it was implicitly assumed that the cracks 
were present in the original material. In extending Griffith’s work, 
it is believed not necessary to assume that cracks are initially in the 
material before deformation. Cracks may be opened by the fracture 
of brittle components, such as cementite plates in pearlitic steels, 
during plastic deformation. Cracks may also be opened by exceeding 
the tensile strength of interphases or by the spreading of a- crack 
in this weak interphase. These interphases may exist between the 
matrix and nonmetallic inclusions or between the ferrite and the 
cementite in steel. However the crack is formed, and whatever its 
shape, the criterion for its stability under pure tension will be given 
by Eq. (7), where 2r is some average of its plane dimensions. Under 
combined stresses the decrease in energy due to the relief of strain 
will depend upon the magnitude of all three principal stresses. The 
maximum decrease in energy will occur when all possible stresses 
are relieved by the extension of the crack; the course of the fracture 
being such as to accomplish this relief. 

Maier (42) performed experiments on cylinders combining in- 
ternal pressure and longitudinal tension and found that they fractured 
when either the longitudinal or transverse tension in the wall of 
the cylinder exceeded a value characteristic of the material. Results 
contrary to those of Maier have been obtained by the authors and 
will be the subject of a later report. In the authors’ experiments, 
flat strips and round bars from the same bar of mild steel, heat 
treated in exactly the same manner, were pulled in tension and 
the fracture stresses determined. The flat strips were approximately 
1 inch wide and % inch thick. Necking of the strip along its largest 
transverse dimension was very nearly prevented and effectively the 
bar was subjected to a tensile stress parallel to this dimension. The 
fracture stress was decreased by about 25% by this additional 
stress. Kenyon and Burns (43) in an investigation of the tensile 
properties of low carbon steels reported that the fracture stress of 
Armco iron in the form of flat strips (;5 inch thick) was about 
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75,000 psi. while that of a round specimen of similar composition 
and treatment was 125,000 psi. From this it might be inferred that 
the energy change due to the relief of stress associated with the 
opening of cracks is increased by the transverse tensile stress. 
Bridgman (39) has described experiments with brittle sub- 
stances like glass which fail in the absence of any tensile stress. A 
sketch of the apparatus is presented in Fig. 17. A small bar is sub- 
jected to a radial hydrostatic pressure in molasses by means of a hard- 
ened steel piston. Glass rods will break in this apparatus with a frac- 
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Fig. 17—Bridgman (39) ene for Pro- 
ducing the ‘“‘Pinching Off” Effec 


ture perpendicular to the axis of the specimen. This failure has been 
described as a “tensile type” of fracture. Griffith (40), however, in 
considering the concentration of stresses at notches predicted failure 
could occur in specimens loaded in this manner even though they 
were subjected to no net tensile stress. According to the instability 
theory of rupture outlined above it is only necessary that in the 
propagation of a crack the potential energy of the whole system be 
decreased. A crack will start at the surface of the specimen with 
the entrance of the fluid into this crack and the release of shearing 
stresses will result in a net energy decrease. In this case, as in the 
case of the normal tensile failure of brittle materials with no 
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plastic deformation, such as quenched steel, the fracture probably 
starts at the surface and extends inward.* 

In Tension—The surface energy, S, of solid metal may be 
determined approximately from the heat of vaporization, and in 
turn the heat of vaporization may be determined from the variation 
of the vapor pressure of the liquid metal with temperature. The 
surface energy for iron has been calculated (see Appendix C) in 
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Fig. 18—Theoretical Relation Between Fracture Stress and Size of Crack (Eq. 
7 with C = 1). 


this manner and is equal to about 8800 ergs/cm.? Using this value 
and Eq. (7), with C=1, Fig. 18 has been drawn relating the radius 
of the crack to the elastic stress necessary for fracture of iron or 
steel for a simple tension perpendicular to the circular cross section 
of radius r. The determination of the limiting fracture stress from 
the radii of the cracks in a tensile specimen is difficult. Not only 
do the shape, size and orientation of the cracks arising from the 
inhomogeneities or particles of dispersed phase in any real metal or al- 
loy vary greatly from point to point in the metal, but also there is a 
lack of uniformity of tensile stress on the microscopic scale. Local 
failure may begin in a real metal in the early stages of the plastic 


*Since the first draft of this paper was written, Bridgman (“private communication”) 
has found that the tensile type of fracture 1s not obtained if the glass rod is protected 


from the molasses by a copper foil. In the opinion of the authors, this new experiment is 
a confirmation of their viewpcint. 
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flow but the cracks may be prevented from spreading by obstacles 
of one kind or another. At the present status it may be said that 
rupture of a tensile specimen will probably occur when the average 
maximum tensile stress in the specimen exceeds the critical value 
determined by the average size of the regions of weakness. 

In order to obtain a check on the validity of this criterion 
for rupture it is necessary to know both the variation of the rupture 
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Fig. 19—Fracture Stress of 0.79 Per Cent Carbon 
Steel Austempered at Various Temperatures (20). 


stress of some material and the average size of the cracks present 
in that material. There are very few complete series of data in 
which the fracture stress is recorded as a function of the dimensions 
of the microstructure. Gensamer and his collaborators (23) have 
determined the fracture stresses and the mean pearlite spacings of 
0.78 per cent carbon steel austempered (corrected for recalescence). 
The fracture stress versus the austempering temperature is plotted 
in Fig. 19. It is to be noted that the variation of this stress with 
the temperature of formation is best represented by two straight 
lines of different slopes with a transition region at about 560 
degrees Cent. (1040 degrees Fahr.). At this temperature the 
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structure of the decomposition product changes from pearlite to 
bainite. From the data on the fracture stresses of the pearlitic 
specimens and Fig. 18 the approximate radii of the regions of 
weakness may be determined. The variation of this radius with 
temperature is plotted as a function of the temperature of formation 
of the reaction products as curve A in Fig. 20. Gensamer determined 
the mean pearlite spacings by microscopic measurement and statisti- 
cal analysis. This spacing is plotted as curve B in Fig. 20. The 
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Austempering Temperature (0.79 Per Cent Carbon Steel). Temperature Cor- 
rected for Recalescence. 


two curves are identical throughout the entire temperature range 
except for a constant factor (4.3). 

Since, in the calculation of the radii, the value for the surface 
energy can only be approximated and the exact value of the con- 
stant C is not known, an absolute correspondence between theory 
and experiment cannot be expected. Furthermore, it is not known 
what microscopic dimension to consider as the crack in pearlitic 
steel. The pertinent dimension may be either the radius or the 
width of the cementite plate or it may be the width of the ferrite. 
It has been suggested that as deformation proceeds in pearlitic steels 
the brittle cementite plates break and the resulting transverse cracks 
spread through the matrix. This is probably the case and the 
width of the cementite plate is likely to be the pertinent dimension. 
The thickness of the cementite plate may be determined from the 
pearlite spacing and will have the same dependence upon temper- 
ature of formation as the pearlite spacing. 

Further corroboration of the theoretical relation between pearl- 
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ite spacing and fracture stress may be obtained by comparing steels 
of different carbon content austempered at the same temperature. 
It has been reported that for such a series of steels the pearlite 
spacing is nearly independent of carbon content (45) and from a 
survey of the literature (23), (24) it is concluded that the fracture 
stress is likewise nearly independent of carbon content. 

The variation of the theoretical initial crack radius_in bainite 
is also plotted in Fig. 20. In this case the binding between surfaces 
of the cementite particles and the matrix may be very weak. It is 
to be noted that the size of the crack varies only slightly with 
temperature and it is predicted that the size of the carbide particles 
will be very nearly independent of temperature of formation of 
the bainite. 

As discussed in a previous section, Bridgman (25) has performed 
experiments by placing small tensile specimens in a liquid under 
high hydrostatic pressure and by removing part of the axial load 
has produced very large reductions of area. For specimens of S.A.E. 
1045 steel variously heat treated, he has obtained strain hardening- 
intercept curves by interrupting the tests before failure and meas- 
uring the resulting areas. In some of these specimens the reductions 
of area were as high as 90 per cent. Since the stress along the 
axis of the specimen is usually compressive or at least when there 
is net tensile stress it is very small, the extension of a crack would 
not result in a decrease of potential energy due to the relief of 
elastic tensile stress. In a sense the cracks are prevented from 
propagating by the hydrostatic pressure. Fracture finally occurs 
at a very great reduction in area, because at such large strains the 
specimen is actually under a large net tension. If the pressure is 
removed before the test bar is broken and the bar repulled at 
atmospheric pressure the fracture occurs usually at a much higher 
stress and with an additional reduction of area, as great as would 
be observed on a virgin specimen. This increase in fracture stress 
cannot be explained by any of the current theories of rupture. 
(See Appendix B.) However, this rather anomalous behavior finds 
an explanation in the theory outlined above. The dimension of the 
cracks perpendicular to the tension direction determines the critical 
fracture stress. During the extremely large deformations forced 
upoh the sample by hydrostatic pressure these regions of weakness 
are elongated in the tension direction. Their dimension perpendicular 
to this direction becomes smaller and consequently the fracture 
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stress is raised. Cracks could also be prevented from spreading 
when the sample is under pressure. This type of explanation 
appears sufficient to explain in at least a qualitative way many of 
Bridgman’s observations which are not consistent with the simple 
criterion for rupture, of maximum tensile stress. 

In Shear—The same general type of consideration as delineated 
in the previous section can be employed to explain the conditions 
for rupture under the action of shearing stresses. Failure in shear 
should occur in a material containing cracks of a given size when 
the shearing stress reaches a value such that the spreading of a 
crack will relieve sufficient shear strain energy to decrease the 
net potential energy. This critical shear stress, X, can be expressed 
as a function of the radius of the inhomogeneity, r, the shearing 
modulus, G, and the surface energy, S, in the following manner: 


Kon | ee (8) 
cry 

It is more difficult in the case of shear than in the case of 
tension to estimate the exact value of the constant C’. Since in 
torsion the tensile stress at 45 degrees to the shearing plane is 
exactly equal to the shearing stress it is impossible to decide, unless 
the constants in Eqs. (7) and (8) are known, whether or not the 
failure will occur at 45 or 90 degrees, or at some intermediate 
angle to the axis of the specimen. It has been determined experi- 
mentally that in brittle materials the fracture occurs at 45 degrees 
to the axis of the specimen, indicating that the failure results from 
the tensile stress (46). In ductile materials in torsion the failure is 
associated with the shear stresses since the fracture is usually 
perpendicular to the specimen axis. As deformation proceeds, in 
materials of some ductility, the projection of the cracks will extend 
upon the shearing plane but will remain relatively unaffected on 
the plane perpendicular to the maximum tensile stress. As the 
effective size of the imperfection increases the type of failure 
changes from the tensile type at 45 degrees to the axis to a shearing 
type perpendicular to the axis. 

If steel specimens are first twisted, unloaded, and then broken 
in tension, the tensile fracture stress is relatively unaffected by 
small torsional strains, but decreases if the specimen is twisted to 
large angles—see Curve A, Fig. 21, from Swift (31). Concomitant 
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with the decrease in fracture stress the type of failure changes 
from the ordinary cup-cone to a helical, or “Wolf-ear’’, type. 
Gensamer (47) attributes this decrease in fracture stress and the 
change in the type of failure to the reduction, by torsion, of the 
stress required to produce a normal failure on the 45-degree 
planes. He postulates that in twisting minute normal failures are 
developed along this plane and failure occurs in tension on this 
plane even though it is not the plane of maxiraum normal stress 
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Fig. 21—Facture Stress in Tension Following Twisting (31). 


in tension. Swift (31), however, untwisted samples similar to those 
which exhibited the “Wolf-ear” fracture in tension and found that 
the failure reverted to the normal cup-cone type and the fracture 
stress was unaffected by the torsion (Curve B, Fig. 21). It is 
difficult by Gensamer’s postulation to account for this phenomenon 
for it is difficult to understand how untwisting could heal minute 
failures in the material, and completely restore the original fracture 
stress. These anomalous results may be explained if the behavior 
of the cracks under the torsion type of deformation is considered. 

Fig. 9 is a schematic diagram of the crack distribution in a 
cylinder being twisted. As the cylinder is twisted the cracks tend 
to be oriented near the helical plane of compression. After twisting 
has proceeded a sufficient amount and the bar is then pulled in 
tension, it will break on some plane which was under compression 
during the torsion. This failure in tension on planes which were 
under compression is contradictory to Gensamer’s postulation. An 
experiment was designed to demonstrate the validity of the conclu- 
sion deduced from the concept of cracks. The results are presented 
in Fig. 22. The specimen therein illustrated fractured across planes 
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which were under compression during twisting. Retwisting will 
restore the more or less random distribution of the imperfections 
and the failure will revert to the normal “cup-cone”’. 

Consistent with the condition for rupture outlined in this 
paper it would be expected that any type of deformation which 
served to decrease the average size of the cracks with respect to 
the tensile axis of some other type of deformation would raise the 
fracture stress with regard to the second deformation. For in- 
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Fig. 22—Effect of Torsion on Strain Hardening and Fracture 
Stress in Tension. 


stance, Swift (31) has reported results of tests in which samples 
have been pulled in tension and then twisted. The shear stress neces- 
sary for rupture in torsion increases with the amount of deformation 
during tension. This can be accounted for by the extension and 
reorientation of the cracks parallel to the tension direction. In planes 
parallel to the maximum shearing stress in torsion the average size 
of the imperfections has been decreased and as a consequence the 
fracture stress increased. 


Dynamic Rupture 


Metals, particularly steels, sometimes rupture under rapid 
dynamic loading with much less energy absorption than when loaded 
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quasi-statically. Low absorption of energy necessarily implies a 
small amount of deformation.* There are two fundamentally dis- 
tinct mechanisms by which the deformation may be small. The 
plastic deformation may be small over the entire specimen. In this 
case, the material must separate by the method of crack propagation 
and the fracture will be of the so-called “brittle” type. On the 
other hand, the deformation may be confined to a small volume in 
which the deformation may be large. In this case, the material 
fractures by shearing across a surface and the plastic deformation 
is confined to the immediate vicinity of this surface. 








Increasing Temperature —e 
Decreasing Rate of Load Application—~ 
Decreasing Transverse Stresses ———> 


Fig. 23—Effect of Temperature, 


Rate of Loading and Transverse Stresses 
on the Type of Failure. 


Brittle Type—Brittle fracture must occur whenever the pertinent 
stress-strain curve of the plastic state lies above the critical stress 
for fracture. As a load is applied under these conditions the material 
reaches the fracture stress with little or no plastic deformation and 
the specimen breaks with small absorption of energy. This brittle 
type of failure is favored by an increase in the rate of loading, by 
a decrease in the temperature, and by a multiaxial stress pattern. 
The general way in which the energy of rupture varies with these 


*Reports of experiments (48) in which tensile bars were broken at high speed with 
little absorption of energy in spite of extensive deformation cannot be reconciled in light 
of more -recent concepts. It is believed these earlier observations are uncertain because of 
inherent difficulties in the apparatus. 
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parameters is illustrated in Fig. 23; the position of the transition 
region being some function of the three parameters. The determi- 
nation of this function is one of the outstanding problems in the 
study of the mechanical properties of metals. 

Both an increase in the rate of deformation and a decrease in 
temperature raise the stress-strain curve as has been discussed under 
plastic flow. In materials which do not exhibit a drop in load at the 
yield the entire curve is raised, probably, by a constant factor. There 
are three effects of the multiaxial stress-pattern. Firstly, the addi- 
tion of transverse tensile stresses will increase the tensile stress 
necessary for yielding. Both the Mohr and von Mises viewpoints 
predict this effect but to slightly different magnitudes for different 
stress-systems. As an example, if one transverse tensile stress is 
equal to one-half the longitudinal stress the longitudinal stress 
necessary for yielding will be increased by 15 per cent according 
to the von Mises theory. Secondly, most engineering impact tests 
are accomplished by bending a notched bar. In such cases, there 
will be a sharp gradient in the maximum shearing stress, or shearing 
strain energy, across the sample behind the notch, thereby raising 
the longitudinal stress necessary for yielding, since the stress neces- 
sary for yielding is higher when a gradient exists than when the 
stress is uniform (7). This rise in yield stress is due to the fact 
that yielding in regions of high stress concentration must necessarily 
extend somewhat into adjacent regions where the stress is less. 
Thirdly, the addition of transverse tensile stresses may lower the 
longitudinal stress necessary for fracture. This has been discussed 
in a preceding section, but to repeat an example, the addition of 
a transverse tensile stress equal to one-half the longitudinal stress 
may decrease the longitudinal stress necessary for fracture by as 
much as 30 per cent. The mere fact that the amount of deformation 
prior to fracture decreases during impact may also affect the frac- 
ture stress, for the material just prior to fracture has been changed. 
The magnitude or sign of this effect of deformation on the fracture 
stress cannot be predicted from the available data. 

Gensamer (47) has discussed the qualitative effect of lowering 
the temperature and changing the stress system and his conclusions 
are summarized in Fig. 24. His explanation of the variation of 
the transition region with temperature and state of stress is based 
entirely on the effect of the increase in yield stress, on the effect 
of the stress system on the shearing stress (or shearing strain 
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energy) necessary for flow, and on the assumption that the fracture 
occurs when the maximum tensile stress reaches a certain value in- 
dependent of the state of stress. This concept cannot explain the 
fact that the critical impact temperature in the notch bar impact 
test is on the average very near 0 degree Fahr. for steel. Since the 
difference between the fracture stress and yield strength in a tensile 
test at room temperature is usually of the order of magnitude of 
100,000 psi. the effects mentioned by Gensamer are not sufficient 


Stress 


Shear Stress for 
Plastic Yering 


Gritical Ternp. 
Notch Bend Test 


Torsion Test 





i; lo I; Rom 
Temperature Temp. 


Fig. 24—Dependence of Type of Failure on Temperature and Type 
of Test (47). 


to raise the yield stress to the fracture tensile stress with such a 
small temperature change. The effect of a multiaxial stress pattern 
in lowering the fracture stress and in raising the longitudinal yield 
stress by means of the stress gradient and the effects of strain rate 
must be of prime importance. 

In the notched bar impact test at room temperature, where the 
tensile yield stress is very nearly equal to the tensile fracture stress, 
a small decrease in temperature raises the longitudinal yield stress 
relative to the fracture stress, and brittle rupture occurs with little 
energy absorption. 

One of the most puzzling phenomena observed in the testing 
of steel is the variation in critical temperature in notched bar bend 
impact tests with heat treatment and processing of the specimen. 
For instance, the impact energy of pearlitic specimens is very much 
lower than that of spheroidal (quenched and tempered) specimens 
of the same yield and tensile strengths, as illustrated in Table I, 
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taken from Carpenter and Robertson.* It is recognized that the 
reduction of area in pearlitic steels is less than in quenched and 
tempered specimens of the same yield strength (49). As illustrated 
in Fig. 25, however, small differences in reduction of area mean 
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large differences between the true strains at fracture and therefore 
between the fracture stresses. For the 0.45 per cent carbon steel of 
Table I and Fig. 25 the difference in the strains is seen to be 0.26 
and assuming a rate of strain hardening of 100,000 psi., the differ- 
ence in fracture stress between the two steels is 26,000 psi. Assum- 
ing a reasonable fracture stress of steel of about 200,000 psi., the 
fracture stress of the pearlitic steel is 10 per cent lower than that 
of the spheroidized material. This effect is very large when the dif- 
ference between the longitudinal stress necessary for yielding and 
for fracture is already reduced by the configuration of the test itself. 

The whole problem of correlating microstructure with the prop- 
erties of steels under a multiaxial stress system imposed by an impact, 
 *Loe. cit., p. 1095. 
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Table I 
(Carpenter and Robertson, p. 1095) 
Effect of Structure on Impact Energy 





Reduction 
Steel Heat Treatment Ultimate Elongation in Area 
%C (1.125” Diameter) Stress (psi.) (per cent) (per cent) Izod 
0.45 Normalized 94,000 28 55 29 
0.45 Tempered 94,000 27 66 57 
0.28 Normalized 81,000 27 57 43 
0.28 Tempered 90,000 29 54 93 





requires thorough study. The effects of temperature, rate of defor- 
mation, stress pattern, and metallurgical structure are phases that 
justify investigation. 

Shear Type—The brittle type of failure under impact is associ- 
ated with a raising of the stress-strain curve with respect to the 
fracture stress. The shear type of failure peculiar to impact load- 
ing arises on the other hand from a change in shape of the stress- 
strain curve. This change in shape does not eliminate plastic defor- 
mation, but changes its nature in such a way that rupture ensues 
with little absorption of energy. The rise in temperature associated 
with high rates of loading results in a lowering of the latter part 
of the stress-strain curve with respect to the first part. In those 
cases where strain hardening is small at low rates of deformation, 
as in shear, this effect of temperature makes the dynamic stress- 
strain curve pass through a maximum and thereafter acquire a 
negative slope. Furthermore in materials which exhibit a drop in 
load at the yield, the yield strength rises with respect to the tensile 
strength with decreasing temperature and increasing rate of loading 
and consequently the load-elongation curve at low temperature and 
high rates of strain may exhibit a negative slope. 

A negative slope is necessarily associated with an instability, for 
the more the material has deformed, the weaker it becomes. Defor- 
mation thus tends to become localized. In the case of shear, this 
localization is about a surface of shear. 


APPENDIX A 


Most physical theories may be presented from many view- 
points. In particular the von Mises theory of plastic deformation 
has been discussed in different ways. Since this theory is so funda- 
mental to an understanding of plastic deformation, and since this 
theory has not been presented from the viewpoint consistently 
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adopted by the authors in this paper, it seems profitable to give 
such a presentation in this appendix. 

In the text, stress and strain have always been so defined that 
the area beneath a stress-strain curve represents work done upon 
a unit volume of the material. In this appendix the work per unit 
volume, dW, associated with a small increment in deformation is 
carefully analyzed. In this analysis the assumption of von Mises 
plays an essential role. The increments in deformation is completely 
specified by the six strain increments de,x, deyy, dezz, deyz, dezx, dexy. 
The work dW is then equal to the sum of the products of each of 
these strain increments with the corresponding stress. Thus 


dW -= Xx ? dexx+ Yy : deyy+ Zi ° dezz+ Y:z . deyz+Z: , dezx+Xy , dexy. 
(a-1) 


As in the text, each strain increment refers to the material just 
before the increment, not before any deformation. Thus de,, refers 
to the change in length, resolved along the X axis, of a unit length 
lying along the X axis just before the strain de,, has occurred. 

The above equation for dW can be simplified only if some 
relation is assumed between the stresses and the strain increments. 
The relation assumed in the von Mises theory is the only possible 
relation which satisfies simultaneously the jconditions of isotropy 
and of constancy of volume. Expressed in mathematical terms, isot- 
ropy implies that the relation between stresses and strain increments 
remains unchanged upon an arbitrary rotation of the co-ordinate 
axes, while constancy of volume implies that de,,+de,y+de,, be 
equal to zero. The relation of von Mises is 


dexx=dQ {Xx—l(Yy+Zz)} (a-2) 
with two similar equations for de,y and de,,, and 
deyz= 3dQ Y:z (a-2) 


with two similar equations for de,, and dexy. The quantity dQ is 
some unspecified invariant function of the stresses. Eq. (a-2) 
follows formally from Hooke’s law for an isotropic medium if 
the strains are replaced by strain increments, if the reciprocal of 
Young’s modulus is replaced by dQ and if Poisson’s ratio is given 
the value YA. 
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The expression for the element of work in Eq. (a-1) may now 
be simplified by substituting the von Mises relations of Eq. (a-2). 
The result may be expressed most concisely in terms of the following 
two invariant functions: 


S’°= (1/9) { ire )?+ (Zza—Xx)*+ (Xx—YVy)? } +(2/3). (a-3) 
(Ys’°+Zx’+ Xs"), 


and 


(de:)*= (deyy— dez:)?+ (dezz—dexx)’ + (dexx—deyy)*+ (3/2) 
(deyz*+dezx" +dex’ y) (a-4) 


The right hand member of Eq. (a-3) is the only invariant quadratic 
function of the stresses, aside from a constant factor, which is 
independent of the hydrostatic pressure, (X,+Y,+Z,)/3. The con- 
stant factor has been so chosen that S; is equal to the shearing 
stress across the octahedral planes referred to the principal stress 
axes. Similarly, the right hand member of Eq. (a-4) is the only 
invariant quadratic function of the strain increments, aside from 
a constant factor, which is independent of the dilatation de,,.+ 
de,y+de,,. In view of Eq. (a-2), these two invariant functions are 
related by the following equation: 


de:= (9/2) dQ S: (a-5) 





When use is now made of Eqs. (a-3)—(a-5), substitution of Eq. 
(a-2) into Eq. (a-1) gives the following equation: 


dW=sS: dex. (a-6) 


The arbitrary constant factor in the right hand member of Eq. (a-4) 
has been so chosen as to make the numerical factor in the right 
member of Eq. (a-6) equal to unity. The element of work may 
therefore be expressed as the product of two invariant functions. 
The function S; will be called the invariant stress, de; will be 
called the invariant strain increment. 

The work done upon a unit volume of material during a finite 
deformation is obtained by integrating Eq. (a-6), 


W= [Si dex. | (a-7) 
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It should be noted that the invariant strain, defined by the equation 


a f dex, (a-8) 


is not a single valued function of the final deformation. Rather 
this invariant strain depends upon how the final configuration is 
obtained. The interpretation of e; may be clarified by reference to 
the heat Q absorbed by a body defined by 


Q= f dQ. 


As is well known, this heat is not a single valued function of the 
end state, but of the path along which the end state is reached. 

The stress invariant S; and the strain increment invariant de, 
may be given simple physical interpretations. In view of Eq. (a-2), 
the principal axes of the strain increment coincide with the principal 
axes of the stresses. The shearing stresses across each of the four 
octahedral planes, referred to these axes, are equal, and are given 
precisely by Sy, as has already been mentioned. Likewise the shearing 
strains across each of these four octahedral planes are all equal. 
It may be shown that these shearing strains associated with an 
element of deformation are equal to de;/3. Some authors, in particu- 
lar Nadai, have referred to S; and to e;/3 as the octahedral shear 
stress and the octahedral shear strain, respectively. The present 
authors regard the invariancy of these functions as of more funda- 
mental significance than their interpretation with reference to the 
octahedral planes, and therefore refer to S; and de; as the inyariant 
stress and the invariant strain increment, respectively. 


APPENDIX B 


Current Theories of Fracture 


There are certain inherent difficulties in obtaining the conditions 
under which fracture occurs in metals. Generally the stress neces- 
sary for plastic flow is less than that necessary for rupture and the 
metal deforms before fracture. In such cases the conditions of 
fracture have been obtained for the fracture of the metal altered by 
deformation rather than of the virgin material. 

The original theory of Mohr did not specify whether the condi- 
tion of maximum shearing stress should be applied to yielding or to 
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fracture. With the publication of more information, particularly by 
Griffith (40) it became more or less certain that for most purposes 
the maximum tensile stress determined fracture and that Mohr’s 
theory was applicable only to yielding. Kuntze (50) concurred in 
this view, by stating that fracture occurs when the maximum princi- 
pal stress reaches a value determined solely by the state of the metal 
at the instant of fracture, implying that the fracture stress is inde- 
pendent of the other principal stresses. According to Kuntze, the 
tensile stress necessary for fracture varies with the amount of previ- 
ous deformation and he called this stress the technical cohesive 
strength. The technical cohesive strength as determined by the frac- 
ture stress is not that of the original metal but of material which 
has been altered by the deformation. 

In order to obtain a measure of the true technical cohesive 
strength, characteristic of an undeformed metal, Kuntze measured 
the tensile strengths in specimens notched at various angles and 
depths. He found that as the depth and sharpness of the notch 
increased the tensile strength increased and concluded, in part, that 
in a bar containing a notch of infinite sharpness, and extending nearly 
across the bar, the stress distribution would approach the condition 
of equal tensile stresses in all directions. If this state of stress 
could be obtained, no plastic flow could occur according to any 
accepted theory (shearing stresses are equal to zero) and the frac- 
ture stress must be that of the virgin metal. Kuntze states that 
the ratio of the average radial and average longitudinal tensile 
stresses depends upon the depth and sharpness of the notch in 
the following manner 


da’ 
S./S:= (-5) - (180—W)/180 


where D and d are the diameters before and after notching, 
respectively, and W is the angle of the notch in degrees. He found 
that the ultimate tensile stress was a linear function of this ratio 
and by extrapolating S,/S, to unity he obtained a value which 
he believed was the true technical cohesive strength of the material. 
On the basis of his experiments Kuntze asserted that the cohesive 
strength first increased and then rapidly decreased with plastic 
deformation. Fig. 26 is an, illustration of the variation of the co- 
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hesive strength and the strain hardening curve with deformation. 
Fracture occurs when the cohesive strength has been lowered by 
cold work till it intersects the rising strain hardening curve. 

This concept of technical cohesive strength is based almost 
entirely upon tensile results obtained from notched specimens. 
There are several objections to such experiments. A rigorous 
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Fig. 26—Effect of Plastic Deformation 
a Strength and Flow Resistance 


analysis of the stress distribution at the base of a given notch is 
extremely difficult, and Sachs (51), in particular, has questioned 
the validity of Eq. (b-1). The notch itself is almost impossible to 
reproduce in different samples. Furthermore as the unnotched area 
is decreased the effect of grain size may become more and more 
important and the size effect noted first by Griffith (40) may 
appear. 

McAdam (52) has recently reviewed Kuntze’s data and theory 
and concludes that the technical cohesive strength increases with 
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plastic deformation but not so rapidly as the strength rises due 
to strain hardening. He also concludes that the fracture stress 
does not depend upon a single stress value such as the maximum 
tensile stress but upon the combination of all the principal stresses. 
As the radial tensile stress increases the fracture stress rises after 
an initial small drop. However, any deductions regarding fracture 
stress must be regarded with suspicion if based upon notched bars. 

The variation of fracture stress with radial stress’ was first 
presented by Bridgman (4th paper of reference 39). Bridgman 
used radial pressure exclusively, and studied brittle materials only. 
In such materials the fracture stress decreases with increasing hydro- 
static pressure. However, the failure of brittle materials probably 
begins at the surface, and may be of an entirely different type from 
that which occurs in ductile metals. 


APPENDIX C 


An estimate of the work necessary to form a surface of unit 
area in iron, called the surface energy S in the text, is obtained 
as follows. The surface energy is taken to be equal to the energy 
required to evaporate one layer of atoms from a unit surface. This 
energy in turn is taken to be qN*/*, where N is the number of 
atoms in a unit volume, q is the energy required to evaporate a 
single atom. The energy gq is obtained from the variation of vapor 
pressure with temperature. Thus (Nq/R)—d In P/d(1/T), where 
N is Avogadro’s number, 6.0610**, R is the gas constant, 2 
calories/gram atom, and 7 is the absolute temperature in degrees 
Cent. Upon substituting into this equation the known variation 
of P with T (Metals Handbook (53), p. 435), one obtains 


Nq=66,000 calories/gram atom. 


Finally, from the value n=8.5 & 107", one obtains S=—8,800 
ergs/cm’*. 
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DISCUSSION 


Written Discussion: By <A. Nadai, consulting mechanical engineer, 
Westinghouse Electric & Manufacturing Co., Research Laboratories, E. Pitts- 
burgh, Pa. 

The authors state in the abstract of their paper that certain data found 
in the literature on plastic flow and rupture of the metals required the intro- 
duction of new concepts for their explanation. With this aim in mind they de- 
vote a major portion of their paper to a review of the mechanical developments 
which have been proposed for expressing mathematically the plastic behavior of 
metals. A generous portion of this latter material has already been surveyed 
by others at various recent occasions so that references to these former general 
surveys would have been in order while a few recent mechanical investigations 
shared less favorably in the review which would have deserved to be brought 
to the attention of readers. 

The authors state that they were primarily concerned with a review of the 
conditions of first yielding, the precise nature of flow under a given state of 
stress and with the extension of the theory of plastic flow into the strain harden- 
ing range of the permanent strains. This discussion will essentially be limited 
to these three subjects, but a few brief remarks will be included also about the 
rates of strain and other questions mentioned in the paper. 

The authors write: “The behavior of metals in the plastic state has not 
been successfully systematized into a set of laws corresponding to Hooke’s law 
for the elastic state.” (Italics by the present writer.) The following sentence: 
“However, two fairly successful systems for plastic behavior have been pro- 
posed,” seems to weaken what was stated in the preceding sentence. They write: 
“The first system, introduced by Mohr, focusses attention upon the planes of 
maximum shearing stress. In the second system, proposed by von Mises, atten- 
tion is directed to certain quadratic invariants of stress and of strain.” Also: 
“The authors believe that little progress is to be made in attempts to modify 
either the Mohr or von Mises systems to obtain better agreement with the few 
standard types of experiments.” 

These and other statements of a similar nature appearing in the paper may 
reflect the personal viewpoints of the authors. The writer must, however, ex- 
press the opinion that some of these statements can hardly be substantiated 
through weighing the facts and that the validity of the remaining ones must be 
questioned. 








216 TRANSACTIONS OF THE A. S. M. Vol. 33 


The last sentence which was quoted is particularly misleading. It creates 
the impression as if one or the other or both of the quoted theories would not 
be in agreement with the experiments. It leaves also the impression as if both 
of these theories had been advanced for the same purpose; namely, for describ- 
ing the plastic flow of a ductile metal. What the authors have stated about the 
“Mohr theory” is not correct. First of all, Otto Mohr, to the knowledge of 
this writer, did not propose a “theory of plastic flow.” He attempted to define 
the conditions under which materials fail either in rupture or by starting to 
yield. The essence of his failure theory was the contrary of what Messrs. Zener 
and Hollomon claim and attributed to him. According to Mohr failures start 
in certain planes which do not coincide with the planes of maximum shear,’ 
O. Mohr, L. Prandtl, von Karman, the writer and others have described nu- 
merous examples of stressed bodies in which the first macroscopically visible 
surfaces of slip deviated considerably from the directions of the planes of maxi- 
mum shearing stress. Mohr assumed that slip in general does not occur along 
the planes of maximum shearing stress. His condition of failure: 


o,—¢6,=f (¢,+ 43) 


in which ¢; > ¢, > ¢; designate the principal stresses and in which the interme- 
diate principal stress does not appear coincides with the maximum shearing 
stress theory only if the function on the right side of the equation is equal to 
a constant. Mohr, to the knowledge of the writer, has never investigated the 
plastic stress-strain relations which are a fundamental part in a theory of 
plastic flow. He published, however, a theory of earth pressures and discussed 
equilibria in loose materials (sand). In all of these investigations he made 
extensive use of his graphical method for representing the general states of 
stress, a method which is here mentioned because this method is particularly 
suitable for discussing, for studying and for predicting the orientation of the 
surfaces of slip in stressed bodies and because it is still so little appreciated by 
physicists. 

These curved surfaces in plastic or loose materials have not only a practical 
significance but they open also from the viewpoint of the mathematician the 
horizon. In the theory of the propagation of sound or of the waves in super- 
sonic flow of a compressible fluid analogous phenomena are known: The solu- 
tions of certain types of differential equations become discontinuous along cer- 
tain surfaces. In plastic or loose materials (sand) something similar occurs. 
Solutions can be found and constructed by using these special surfaces along 
which discontinuities are propagated. The Mohr surfaces of slip are identical 
with these surfaces. From a practical viewpoint they are important because 
certain types of fractures possibly coincide with them. This all has not escaped 
men like Mohr and mathematically minded engineers who have recently studied 


1Although the authors of the paper in a footnote (p. 166) state that they have asswciated 
the two names of “Mohr” and of “‘von Mises” with the viewpoints expressed in their text 
even though they realize other workers have contributed much to the development, it is 
arbitrary to associate one name with a deed not characteristic to the person in question and 
to connect another name with developments which chronologically were much older than his 
work and were carried out beyond his intentions later by ie, It would have been clearer 


if the authors would have stated the remarkable and very fruitful contribution which von 
Mises made to the mechanics of plastic bodies by suggesting for the condition of plasticity 
the new form: (0; — d2)* + (62 — 63)%+ (63 — 01)? = const. 
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the geometric properties of these surfaces of slip and all this must be men- 
tioned here to prove to the less informed reader that such statements as the 
ones quoted from the authors’ paper are not justified also from the theoretical 
viewpoint. The authors throw out a healthy child with the water of the tub. 
Several groups of the equations including various modified forms of them are 
intimately related to those surfaces and have their own characteristic surfaces 
of slip. 

The mathematical theories which have been proposed for dealing with 
plastic states in solids are based on idealizing assumptions. For example the 
theory of the steady flow of a plastic substance assumes that the stresses dur- 
ing the flow do not change their magnitude. On this assumption were based 
the theories of flow of von Mises (1913) and of St. Venant (1870). Every- 
one who has had a little experience with the flow of ductile metals knows 
how differently a metal can behave in the plastic range depending on the con- 
ditions under which it is tested (heat treatment, state of stress, previous cold 
work, etc.). One should, therefore, not expect that a theory which postulates 
strain independent yielding (von Mises, St. Venant) shall be applicable to the 
ordinary flow of any metal known to strain harden. Remarkably enough 
despite these facts this theory proved to be an excellent tool when it was ap- 
plied in the strain hardening range of a metal. The authors quoted some of 
the first experiments by W’. Lode (p. 176 of their paper) described in his doctor 
thesis and initiated by this writer which supported three of the basic assump- 
tions of flow. By cautiously interpreting the theory, Lode could show that it 
could be applied to express the “instantaneous” conditions of flow in a strain 
hardening metal under biaxial stressing. One should expect after these re- 
marks that the theory of the steady flow of a perfectly plastic substance is 
particularly suitable to express plastic states of stress in those metals which 
have a sharply defined yield point in a tension test. Mild steel would be a rep- 
resentative metal, assuming also small strains, but a soft copper would not 
be a good case. 

The authors refer first to Hooke’s law. They express themselves satisfied 
as follows: “The elastic state of the isotropic material is completely specified 
by Hooke’s law,” (notwithstanding the fact that every grain of a metal is 
anisotropic. Apparently they are not thinking to include in their statement for 
example coarse-grained or oriented structures with a marked elastic anisotropy 
known to exist in many cold-worked metals). But when they open their dis- 
cussion on the plastic behavior of metals (p. 166) they note that this “has not 
been successfully systematized.” The writer believes that just the contrary is 
the truth. Today several important cases of the plastic behavior have mechan- 
ically been defined. The question which should have been asked is this: are 
the simple basic assumptions which have been proposed for expressing stress- 
strain relations, or stress-rate of strain relations, or the state of flow while a 
metal is permanently deformed sufficient to predict quantitatively some of the 
observable facts of flow? Can these equations be utilized in important engineer- 
ing applications or must they be rejected because they do not express essential 
facts correctly? Can and how must they be modified for expressing such 
heterogeneous cases as for example creep at high temperatures or strain harden- 
ing at low temperatures? 
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As far as the writer is able to see the authors have not offered anything 
from which would follow that for example the theory of a perfectly plastic 
substance does not satisfy all the requirements of a good mechanical theory. 
The writer advances the opinion that the simplest of the theories of flow in 
solids is as perfect, self-contained and complete as the theory of the isotropic 
elastic substance (Hooke’s “law’). It is based on few assumptions and as 
long as it is not applied to practical cases in which one or the other of these 
assumptions is not valid it has been a very valuable tool. It has also proved 
to be extremely fruitful. During the last two decades many exact solutions 
have been discovered by engineers and mathematicians satisfying the plastic 
differential equations. These were used in the applications, of which none have 
been referred to in the present paper. 

The plastic flow of the metals unfortunately has not a unique character like 
the elasticity of materials. Several important cases or types of flow have 
been recognized. Contrary to the opinions expressed in the paper (p. 167, second 
paragraph) it is the belief of those investigators who have had an occasion 
to study several of these types of flow, that good progress will be made (and 
has already been made) by modifying the assumptions and by attempting to 
generalize them more and more. To this should be added, that in a few cases 
with these modified theories quite good agreements were obtained with the 
experiments. 

Metal (steel) structures in the elastic state are usually considered to be- 
have as isotropic bodies and the strains in them can be assumed to be small. 
There are, however, other engineering materials in which stress is not propor- 
tional to strain. Attention has been called to a number of materials or condi- 
tions in which the above mentioned postulates of the elastic substance are not 
valid. (Examples: Jarge elastic strains in rubber, theory of bending of 
anisotropic elastic plates of reinforced concrete, design of large wooden frame 
structures, etc. G. Tammann has shown that the elastic sound vibrations of 
cold-rolled copper plates are distinctly anisotropic.) The well-known Chladni 
sound figures produced by vibrating such plates (markedly differed from the 
ohes observed in isotropic disks). When the necessity arose to apply the theory 
of elasticity to similar cases use has been made of the methods which were de- 
veloped in related fields, for example in crystalelasticity. At any rate it seems 
that nobody raised remarks against the theory of the isotropic elastic material 
or the assumption of small strains because also important cases existed in 
which the former assumptions would not apply or in which the elastic strains 
became large. If an analogous attitude could be assumed by investigators when 
the flow of the ductile metals and the permanent plastic strains must be con- 
sidered, the present differences in opinions would at once disappear. The 
authors have failed to bring out the important practical aspects, the limitations 
and even the principal aims in these mechanical theories which have been pro- 
posed since the times of St. Venant (1870), M. Levy, Duquet, and which have 
been improved and further developed by recent investigators. 

It should be emphasized that for example the assumption of small plastic 
strains (which are many times larger than the elastic portions of the total 
strains) is frequently justified in many practical applications. To these belong 
the cases of flow in tubes, heavy walled cylinders, in rotating disks or under 
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concentrated pressures occurring in rolling, drawing, etc., at elevated tempera- 
tures. There are comparatively few cases in which a need exists to consider 
large permanent strains (larger than say 20 per cent in tension or compression). 
Ingenious new definitions have been proposed by Ludwik and Leon for dealing 
with them and these have been generalized by Hencky and others for handling 
large permanent strains whenever a need should develop for quantitatively con- 
sidering them. 

The plastic behavior of solids under high constraining hydrostatic pressures 
has also been thoroughly investigated in engineering laboratories since 1910 in 
connection with the conditions of yielding of brittle as well as of ductile ma- 
terials. 

Instructive experiments of the kind described by the authors “in which the 
plastic behavior is radically different” have been made, some of them quite a 
long time ago. The writer recalls that at the International Congresses for 
Applied Mechanics in Delft (1924) and Zurich (1926) A. Griffith and L. 
Prandtl brought up questions which have been touched by the authors in rela- 
tion to unusual fractures. Prandtl pointed out that test cylinders of brittle 
materials under a lateral high hydrostatic pressure fail through cracking. The 
fluid penetrates in the small cracks of the test cylinder. Von Karman found 
this to be the case around 1910. After covering the specimens of a brittle ma- 
terial (marble) with a brass foil he prevented the penetration of the pressure 
fluid and could deform such “brittle” materials plastically. 

Poulter made similar observations and found that frequently the failure 
occurs upon rapid release of the pressure. Formation of cracks may be influ- 
enced, however, by several concurring causes. In some previous conversations 
with one of the authors these details may have been. called to his attention by 
the writer, because they were known to the latter. 

At any rate, if this would have not been the case, they could have been 
found in several old published notes. The sentence in the footnote on page 195 
in which the authors claim that the above described explanation (of the crack- 
ing of test pieces through hydrostatic pressure) is a confirmation of their own 
viewpoints should be taken with a grain of salt. 

The authors believe that strain hardening has “apparently been investigated 
thoroughly only for tension and for torsion” (page 177). Tubular specimens have 
a number of times been investigated by subjecting them to the combined effects 
of an internal hydrostatic pressure and an axial load and the plastic deforma- 
tion has been recorded until the final fracture occurred. A series of such tests 
was made and described by E. A. Davis using soft fully annealed copper in a 
recent paper which was presented at the A.S.M.E. Applied Mechanics Meeting 
in Pittsburgh in June 1943. The flow of copper (and of other metals) has been 
recorded under biaxial stressing and strain hardening studied under these con- 
ditions until fracture occurred. 

These remarks may revert partially to the authors applications “of the 
von Mises viewpoint to the problem of correlating different stress-strain curves.” 
They emphasize that their approach “is quite different” from that by E. A. 
Davis and the writer (in two papers published in 1937). The authors regard 
the “invariancy” of certain expressions containing the components of stress or 
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of strain “as of more fundamental significance” than the interpretation by the 
writer, who noted that they express the components of the shearing stress and 
shear in the octahedral planes with respect to the principal directions. Which 
of these two interpretations will appeal more to engineers who probably are 
the ones who may use them in the future may be patiently awaited. 

Granting the authors the privilege claimed by them to present physical 
theories from many viewpoints the writer would like to ask them in which 
new viewpoint their own presentation of their equations (in the appendix A) 
differed from the ideas which guided the writer when he tried to formulate 
expressions for strain hardening in 1937. The writer made use of the natural 
strains, he confined the equations to infinitesimal increments of these strains and 
he postulated a functional relation between the octahedral variables for express- 
ing strain hardening. Notwithstanding that in each of these three assump- 
tions they followed the footsteps of the writer, they let the reader believe that 
their application of “the von Mises viewpoint is quite different” from the just 
mentioned one. The writer confined his derivation to cases in which the prin- 
cipal directions do not rotate. An exception was the case of simple finite shear. 
However, the reader will note that in this latter case the increments of the 
principal stresses or strains were not referred to fixed axes as the authors 
believed. 

The imaginary twisting and untwisting experiment (footnote, page 184) with 
which the authors meant to argue ad absurdum can be dealt with briefly by 
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Fig. A—Twisting Tests on Hollow Cylinders. 


referring them to tests of this very nature, which were made on the writer's 
suggestion by his former collaborator W. Bader. They were published in a 
dissertation in 1927 in Goettingen. Since this latter is not easily accessible in 
this country a figure of it is here reproduced (Fig. A). It shows the stress- 
strain curves for shear in twisting and untwisting tests made with a thick-walled 
cylinder of a soft grade of steel. No “theory” was needed or used for plotting 
these curves, only direct observation. The writer hopes they will convince the 
authors that their own interpretation of “the Nadai-Davis method of consider- 
ing only the initial and final configuration carried to its logical conclusion” and 
their conclusion, according to which “this would give zero hardening” was 
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wrong. Zero hardening cannot result—independently of which theory is used 
—unless the curve for untwisting (as it seems it was assumed in this paper) 
is erroneously taken to coincide with the one for twisting. 

Written Discussion: By D. Morkovin, associate in theoretical and applied 
mechanics, University of Illinois, Urbana, III. 

The authors of the paper are to be congratulated for an important con- 
tribution, especially in finding a quantitative relation of equivalence (as far as 
the mechanical properties of metals are concerned) of an increase of straining 
rate to a decrease in temperature. The writer is glad to be able to report that 
the proposed relation seems to be substantiated also by tests of an entirely 
different kind than those performed by the authors. 

As the authors’ presentation of the theory underlying the proposed rela- 
tion of equivalence is rather abbreviated, the writer begs to be excused if he 
starts by a recapitulation of the reasoning which the authors apparently used. 

The authors proposed the relationship of equivalence of the effects of tem- 
perature and strain rate on the mechanical properties of metals at low tempera- 
ture. The formal expression is given by the following equations relating the 
stress S at any stage of the test (i.e., some measure of the strength of the 
materials) to the corresponding unit strain ¢ 





Oe or iS dk Sala @ Suse Sic ihiale Ge Statin (1) 
in which the parameter p is defined by: 
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where ¢ is the strain rate, Q the heat of activation of the material, expressed 
in calories per gram mol, R the molal gas constant in deg./cal; and T the abso- 
lute temperature in degrees Kelvin. 

They reasoned that, since the parameter p must be a dimensionless func- 


tion p (¢, T), it must be expressible as a ratio of the rate of deformation and 
of some other time rate connected with the material. Nearly all times rates 
associated with materials are governed by heats of activation and their depend- 
ence on temperature is given by an equation of the form 


time rate = f, e-@/®* (3) 
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where the constant f, has dimensions of time”. 


From diffusion problems, the authors took the value usually assigned to this 
constant, viz. 


JQ 
Nh 





where J is the mechanical equivalent of heat, N is Avogadro’s number and h is 
Planck’s constant. Where f. is so interpreted, according to the authors, the 
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time rate of equation (3) is essentially the number of times per second any 
given atom acquires the heat of activation Q. Parameter p is therefore 
expected to be of the form 


& e eVRT 





i/o 


To show that a certain change of the rate of straining ¢ is, in its effects 
upon some mechanical properties of materials, equivalent to a certain change 
in the temperature T, Eq. (2) can be written as 


€ = p fo e-VktT 


If we use ¢ = v, and Q/R=B (material constant), Eq. (6) becomes 
PC ce ea ucck dha ccc k vd eeeie ta Kaote wanes obat (7) 

or In v=lIn A—B/T 

where A = (p f.). 


Equation (8) gives a straight line on a plot of In v as ordinate against 
1/T as abscissa. Using logarithms to base 10, equation (7) can be written 


logio y= logo A— B:/T 
where Bi: = Q/R logw e = B logw e 


This relation plots as a straight line, if logw v is plotted on the axis of ordinates 
and 1/T on the axis of abscissas. 

Suppose a series of tensile tests with varying rates of strain v are per- 
formed. Suppose that at each rate of strain v, the temperature T. is deter- 
mined at which brittle breaks begin. Then e.g. the combination of a strain 
rate v' and a temperature T.’ which causes brittleness is equivalent to another 
combination of strain rate v* and a temperature T.", which also causes brittle- 
ness. These actual combinations of v’ with T.’ and v" with T.” are also 
equivalent to an exceedingly high strain rate vr, which would be necessary to 
cause brittleness at the room temperature T.. 

If a set of such strain rates v, which, in combination with their associated 
temperatures (critical temperatures) are all equivalent, was plotted and if the 
curve fitting the results had an equation of the type proposed by Hollomon 
and Zener, it would be an evidence of the validity of their proposition. Such 
a set of data would give information on the increment in strain rate (vr,—v’) 
which is equivalent to a given decrement of temperature (T.— T.’) for that 
particular material. 
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Witman and Stepanov (1) used unnotched cylindrical specimens of 0.2 per 
cent carbon steel annealed for 2 hours at 1832 degrees Fahr. (1000 degrees 
Cent.), with a mean grain diameter of 53 microns. This steel exhibited brittle 
statical breaks at the temperature of liquid air. The specimens were tested in 
bending at various temperatures and various speeds of head (ranging from 


0.024 inches per second to 3270 inches per second). Table A shows a portion 
of their results. 


Table A 


Variation of the Upper Critical Temperature of Brittleness of Coarse-Grained 0.2 Per 
Cent C Steel with the Rate of Straining (After Witman and Stepanov) 





Speed of head, inches per sec. ............... 0.024 0.165 197 327 3270 
Rate of strain v in the most stressed region, 
CIO UNE ss Gh bes héwescteseuss om 0.0095 0.0643 76.5 127 1275 


Upper critical temperature] + deg Cent. —165 SS =”: =. oa 
of brittleness in bending, 


of unnotched epecimens =))420 1% deg. Kelvin 108 118 = 163 168 198 
lo ( equivalent strain rate at room temp. ) 
C10 actual strain rate at low temp. 
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Fig. B—Variation of the Upper Critical 
Temperature of Brittleness with the Rate of 
Straining (Witman and Stepanov). 


Fig. B is the graph of these results using coordinates logw v and 1/Tx. The 
axis of ordinates is drawn at a value of abscissa equal to 1/T., where To is room 
temperature (corresponding to 20 degrees Cent.). If the scale of abscissas is 


expressed in terms of (1/Tx —1/T.), the experimental data are fitted by the 
equation 


logic nen logio Sa Bi (1/T-. — 1/T.) 6.010 $5 ae Chee a6 he) © ble & (4c) 
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where logw vr, and 1/T. are the coordinates of a point on the straight line of 
brittle failures. 

In this expression, the values (logiwvr,) and Bi are constants character- 
istic of the material. Equation (4c) can be rewritten in. the following form: 


VT, * Vr eB (I Te —|, To) ( 5c) 
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The constant B in equation (5c) has the following relation to constant B: in 
equation (4c): 


B: = B logwe (6c) 


The constant vr, in equation (5c) now acquires a meaning: it is the 
minimum rate of strain at which the material breaks in a brittle manner even 
at room temperature To. 


Equation (5c) can be rewritten as 


OF FR TE ota sdivinee sine scingg 6 40bRSS + e000 abies cnees tos oébs (5.2c) 


Thus the constant A has the value vr, e®/Te 
Accordingly, from Eqs. (7) and (5.lc), the following relation appears: 


ae. ci inne CRRA hd inden bed Deh Anak bh evn pee (5.3) 
which agrees with that of equation (5) if written for room temperature To. 


In other words, the equation of Witman and Stepanov’s curve (Eq. 5.lc), and 
Fig. B is 


o 

TE Te pace nabeu phinc (suinicneGhelwh utelens teas (5.4) 
CD. CFO BO ne, ev aheh onphbe ns Cee eaemnSapdees CC cewr ses (5.5) 
CE Fe sis cc nd ante tabatebersabeqnotebeoace sss (5.6) 
and logis vr,/vr, = Q/R (1/Te——-1/To) logwe «1.2... 2c eee eee (5.7) 


Hollomon and Zener define the equivalent strain rate as “that strain rate 
at room temperature which is necessary to give the same physical properties 
as does the actual strain rate at the low temperature of test, on the assumption 
that the deformation remains essentially isothermal.” Witman and Stepanov’s’ 
tests may be considered isothermal, because when a completely brittle fracture 
occurs, there is no plastic flow with consequent heating up, even at high rates 
of strain. The above definition shows that, in Eq. (5.7), vr, corresponds to 
the “equivalent strain rate” for brittle fracture, and vr, to the actual strain rate 
for brittle fracture at the low temperature T.. Therefore, equation (5.7) 
should give a curve of the type shown in the authors’ Fig. 15. However, Eq. 


2F. F. Witman and V. A. Stepanov, “Influence of Rate of Strain Upon Brittleness of 
Steel,”’ Journal of Technical Physics, Russian, Vol. 9, No. 12, 1939, p. 1070. 
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(5.7) and Eq. (4c) are identical, as Bi = Q/R logw e by Eq. (10). As Eq. 
(4c) is the equation of the straight line on Fig. B, it appears that the authors’ 
curves in Fig. 15 would be straight lines when plotted with similar coordinates 
as on Fig. B. 

The value of slope on Fig. B is 1.2 x 10°. Therefore, from Eq. (10) the 
value of Q can be calculated as Q = 5400 cal/gm mol. 

From Fig. B can be seen that the equivalent strain rate vr, is practically 
10° inches per inch per second for the high phosphorus iron shown. Dividing 
this equivalent strain rate vr, by the actual strain rates vr, of Table A and 
taking the logarithms of these ratios, the values in the last line of Table A 
were obtained by the writer. These values when plotted in the authors’ Fig. 15 
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Fig. C—Equivalence of a Decrease of Tem- 
perature to a Rise in Rate of Strain. 


appear as the full circles on the accompanying Fig. C. They are seen to fall 
near the authors’ curve for Q = 5000 cal/gm mol. “ 

Thus, the relation proposed by the authors is seen to agree with the 
experimental results of Witman and Stepanov’ shown in Fig. 8. The significant 
thing is that these tests are of entirely different nature than those performed 
by the authors. The values of heat of activation determining the coefficient 
of diffusion in solids are usually considerably higher than the value of Q found 
here. However, it is to be expected that the potential barrier determining the 
speed of the process of relaxation should be lower than the barrier in 
diffusion. In diffusion, atom goes from one knot of the lattice to the next, 
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whereas in relaxation it just returns from between the knots to the nearest knot. 

Written Discussion: By Ralph Leiter, metallurgist, and Joseph Winlock, 
chief metallurgist, Edward G. Budd Manufacturing Co., Philadelphia. 

This paper represents an immense amount of hard work and careful study. 
The authors are to be congratulated on a good job well done. 

We are in substantial agreement with the authors’ concept of the initiation 
of plastic flow in annealed low carbon steel with the single exception of the 
cause of the upper yield point. Messrs. Zener and Hollomon believe that this 
high resistance to initial yielding is due to a hard precipitate on the grain 
boundaries. However, precipitation with and without appreciable hardening 
occurs in a great number of metals and alloys but heterogeneous yielding is 
reported on very few. We do feel that heterogeneous flow at the yield point 
may possibly be more common than realized. It would therefore seem to us 
that we need autographic load deformation curves covering a moderately wide 
temperature range under various conditions of heat treatment and on a large 
number of the metals and alloys that are susceptible to precipitation. With 
more knowledge of this sort we may indeed find that heterogeneous flow at 
the yield point is due to precipitation of particles at the grain boundaries in 
appropriate size, number and hardness. 

Heterogeneous flow sometimes occurs throughout the plastic range. The 
best known example is mild steel in the “blue heat” range corresponding to 
hump C in the tensile strength-temperature curve of Fig. 13. The same type 
of plastic deformation has been observed by the writers in room temperature 
tests on Hadfield manganese steel, stainless steel of seventeen per cent (17 
per cent) chromium, seven per cent (7 per cent) nickel analysis and 52SO alu- 
minum alloys. 

Applying Messrs. Zener and Hollomon’s line of reasoning to the case 
of mild steel in the blue heat range we would expect heterogeneous flow and 
almost immediate age hardening at the yield point. The material originally 
deformed having developed a new and high upper yield point so that we have 
a second band of Liider’s lines traversing the test piece, this process continuing 
through the plastic range to a point where there is no additional age hardening. 

In the case of Hadfield manganese steel and 17-7 chrome-nickel steel, 
heterogeneous flow is pronounced only after substantial plastic deformation has 
occurred. The formation of alpha iron resulting from the cold work may 
have an effect similar to precipitation of hard particles. In fact there may be 
a precipitation of carbides from the transformed alpha iron. 

We are at a loss to explain the heterogeneous flow in 52SO aluminum 
alloy. It is considered as a non-aging alloy although enough precipitation may 
occur to be a possible cause of heterogeneous flow. 

Written Discussion: By P. W. Bridgman, Physics Laboratory, Harvard 
University, Cambridge, Mass. 

Messrs. Zener and Hollomon refer to certain recent unpublished experi- 
ments of mine on the tensile fracture produced in glass by lateral hydrostatic 
pressure (the “pinching-off” effect). I take this occasion to describe these 
experiments in more detail, and also to describe other experiments made ten 
years ago and not hitherto published. 

The object of the recent experiments was to find whether the liquid medium 
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in contact with the glass specimen plays an important role in the phenomena of 
fracture. The apparatus was similar to that of Fig. 17 of Zener and Hollomon. 
The glass rod was protected from contact with the Karo corn syrup with 
which the outer rubber tube was smeared (corn syrup was used instead of the 
molasses indicated in Fig. 17) by a wrapping of 0.001-inch copper foil extend- 
ing well beyond the retaining rings at either end. Tests were made in which 
the glass rod inside the sheath was respectively: (1) moistened with acidu- 
lated water; (2) lightly smeared with corn syrup; (3) lightly smeared with 
vaseline, and (4) left dry. Pressure on the rubber was in each case raised 
to fracture of the glass rod. A first striking difference compared with experi- 
ments made without the sheath was that in no case were the severed pieces 
violently expelled through the retaining rings, but in all cases the fractured 
rod remained in the apparatus externally geometrically intact. In the first 
three cases the fractures were clean tensile breaks on planes perpendicular to 
the axis. The break might be complete on some of the planes, so that the 
specimen fell apart on removal from the sheath, or on other planes the speci- 
men might hang together, the fracture being distinctly visible in the proper 
lighting by internal reflection and refraction across most of the section. The 
whole length of the specimen between the retaining rings was divided in this 
way into lamellae from zs to 7 inch thick. Fracture occurred at the follow- 
ing pressures in the rubber: (1) 10,600; (2) 29,500; and (3) 35,500 pounds 
per square inch. In the fourth case, the one run dry, the fracture was quite 
different in character; there were none of the internal fractures and lamellae 
in the body of the specimen, but the fracture was confined to the two regions 
of stress release where the specimen passes out through the retaining rings, 
and the fracture here was on curved surfaces, not on planes. The pressure 
at which fracture occurred was 59,000 pounds per square inch. 

It would appear, therefore, that there can be no question that the “pinching- 
off” effect in glass is connected with conditions starting at the surface, as 
Messrs. Zener and Hollomon suggest, and is not a simple specific effect of the 
stress only at interior points. In view, however, of the very great effect shown 
above played by the nature of the liquid in contact with the glass, I think the 
effect cannot be characterized in terms only of a stress distribution at the bot- 
tom of surface cracks, but the effect is more complicated and involves a spe- 
cific effect of the liquid on the glass. The specific effect of the liquid is also 
brought out by experiments which I made ten years ago, not hitherto pub- 
lished. Poulter had been able to apply pressures of 150,000 pounds per square 
inch and more to glass windows, whereas my windows of similar construction 
had failed below 100,000 pounds per square inch. In seeking for the reason for 
the discrepancy it finally appeared that the effect is due to the, transmitting 
liquid. If pressure is transmitted by water, fracture is invariable at pres- 
sures below 100,000 pounds per square inch, but if pressure is transmitted by 
kerosene, pressures above 150,000 pounds per square inch may be supported. 
It is known that under ordinary conditions there is a strong surface action 
between water and glass, a glass surface exposed to the atmosphere becoming 
coated with a iayer of water 100 to 200 molecules deep, which is exceedingly 
difficult to remove, as any experimenter with vacuum tubes knows. Under 
the action of pressure, water appears to be driven by a combination of pres- 
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sure and adsorption deeper into the glass. A solid sphere of glass which has 
been exposed to hydrostatic pressure under water will fracture if pressure is 
rapidly released, but if pressure is released very slowly, so that the water has 
time to diffuse back out of the glass, no fracture occurs. 

Fracture is affected not only by the chemical nature of the liquid in 
contact with the glass, but also by its viscosity. Glass windows are fractured 
if pressure is transmitted by petroleum ether, although they are not affected by 
kerosene, and they are not fractured by commercial glycerine up to 180,000 
pounds per square inch, although the glycerine contains considerable water. 
As might be expected, the situation is further complicated by time effects, 
which are different for different liquids. 

Any water which is forced into glass by pressure is exceedingly small in 
amount. I made experiments with heavy walled cylinders, sealed at the ends, 
exposed to high pressure exerted by water over the external surface, but was 
never able to drive any perceptible amount of water into the internal cavity. 
These experiments also showed great specific differences between different 
sorts of glass; lead glass was always crushed into fine powder after such an 
exposure, pyrex was unaffected, and Scotch combustion tubing separated into 
concentric cylindrical shells, like an onion. 

It is evident that a further quantitative experimental investigation is needed 
of the entire subject of the fracture of brittle substances under symmetric two- 
dimensional stress. 

Written Discussion: By D. J. McAdam, Jr., metallurgist, U. S. Depart- 
ment of Commerce, National Bureau of Standards, Washington, D. C. 

Although this paper presents much information of value, its usefulness 
is marred by the tendency of the authors to adopt various assumptions on the 
basis of a superficial survey of the evidence, and then proceed to a mathe- 
matical analysis. An instance of this tendency is found in the presentation 
of their view with regard to the influence of a transverse tensile stress on the 
longitudinal stress required for fracture (page 193). They refer to their experi- 
ments (not yet in print) with flat strips and round bars. They make the un- 
tenable assertion that transverse tensile stress in the direction of the breadth of 
the strip was induced because the specimen failed to contract in this dimension, 
and that the breaking stress was thus reduced 25 per cent. The notch effect 
of the local contraction of a flat specimen causes transverse tension perpendic- 
ular to the breadth, whereas the local contraction of a cylindrical specimen 
causes transverse radial stress. The experiments by Kenyon and Burns with 
round and flat specimens of Armco iron, cited by the authors, would give flow 
stress curves (on a natural strain basis) that differ greatly in slope. The 
round specimen that fractured at 120,000 pounds per square inch gives a much 
steeper slope than the flat specimen that fractured at 75,000 pounds per square 
inch. If these values are taken as correct, the evidence would indicate that 
transverse stress increased more rapidly during local contraction in the round 
than in the flat specimen. Do the authors imply that transverse stress in one 
direction lowers the breaking stress, while transverse radial stress raises the 
breaking stress? The evidence cited appears to be of no value in determining 
a criterion for failure under combined longitudinal and transverse tension. It 
is not impossible that one reported stress value is too low and the other too 
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high. Moreover, the effect of combined stresses at fracture cannot be evalu- 
ated without considering variable ductility. 

In Appendix B, the authors again adopt the greatest principal stress as 
criterion for fracture. They mention two papers by the writer in which op- 
posing views are presented, but dismiss them with an innuendo regarding con- 
clusions based on notched specimens. However, the evidence presented in the 
papers mentioned, and in two later papers by McAdam and Mebs,”* cannot be 
dismissed by innuendo. Comparison of mean stresses at fracture of notched 
and unnotched specimens shows that the technical cohesion limit tends to in- 
crease with increase in the ratio of radial to longitudinal tensile stress in the 
manner illustrated. These conclusions must be considered as proved, unless 
one wishes to assert that the actual stress at fracture of a notched specimen 
may be much less than the mean stress at fracture, and even much less than 
the mean stress at yield. 


Oral Discussion 


Rottanp G. Sturm:® I think that the authors have done a real service 
in stimulating interest in theories of flow of metals. While some of the points 
seem to be controversial, perhaps more interest has been aroused than if they 
had not been so. 

I would like to raise a question along the line that Dr. Nadai has men- 
tioned, that is “Where does the work of G. I. Taylor fit into the authors’ anal- 
ysis?” Would not his concept of avalanches and molecular discontinuities or 
disarrangements within the crystals take care of the situation rather than the 
assumption of the presence of cracks? It is difficult for me to place con- 
fidence enough in materials to risk my life to them if they are considered to 
be full of cracks. There might be some other explanation that would be a 
little easier on one’s conscience and perhaps nearer the truth. 

The author mentioned strain rates and said that a strain rate which is 
relative to time could not be integrated over a section unless it was divided 
by a rate also involving time. It appeared to me that the authors divided by a 
quantity which did not involve time. Therefore, it is not clear that they ac- 
tually complied with their requirements. 

There is one other thought mentioned by the last speaker that raises a 
question. How about the state of combined stress for strains which greatly 
exceed the elastic limit? We know that as you twist a specimen appreciably 
beyond the elastic limit the strains are not absolutely uniformly distributed 
according to some law. We may assume absolute homogeneity but we cannot 
get it. In the simple tension test there are set up within the metal complex 
states of strain and stress. This is especially significant when a specimen begins 
to neck down. Dr. Bridgman has a paper on the combined stresses for such 
cases. Certainly, the combined stresses affecting the technical cohesive strength 


_ 8D. J.. McAdam, Jr., and R. W. Mebs, “An Investigation of the Technical Cohesive 
Strength of Metals,” American Institute of Mining and Metallurgical Engineers, Technical 
Publication No. 1615, Metals Technology, Aug. 1943. 

4D. J: McAdam, Jr. and R. W. Mebs, “The Technical Cohesive Strength of Metals 
at Low Temperatures,”” American Society for Testing Materials, Preprint No. 40, 1943. 


®Research engineer physicist, Aluminum Company of America, New Kensington, Pa. 
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are very vital. Dr. McAdams also in one of the later sessions has a paper 
on that problem. There is a probability that the geometry of the piece itself 
enters into the distribution of strain rates. 

One other question, how much attention did the authors give to the pos- 
sibility of initial orientation of the crystallographic structure? When a bar 
is rolled or drawn the grains are oriented and the slip planes within the grains 
are oriented more or less in the same directions. If these slip planes are 
oriented in certain parallel planes the resistance to slip on those planes is less 
than on other planes. The well known test of a single crystal of magnesium 
in tension is the example of that phenomena. In this test a round bar consist- 
ing of a single crystal became elliptical in cross section when stretched because 
the slip occurred in only one direction. A bar of many crystals tends to de- 
form by slip on many minute surfaces in many directions, but the statistical 
predominance of slip occurs in directions corresponding to planes of maximum 
shearing stress. 

If a specimen is twisted, drawn, stretched or extruded, the orientations 
of the various slip planes are changed, depending upon the type and amount 
of deformation to which it has been subjected. Each of these deformations 
may cause orientations which have an effect on the amount and character of 
elongation as well as the strength of the final piece. The effects of such varia- 
tions in orientation do not contradict existing theories of flow but may ex- 
plain some of the anomalies noted by the authors. 

L. R. Jackson :* I would like to congratulate the authors on presenting 
a very stimulating paper. There are two questions, however, which I would 
like to ask. In finding a reason for these weaknesses that are supposed to 
exist in steel, two of the more or less critical tests that led to their formulation 
were, first, the discrepancy between the strain hardening in tension and torsion 
and, second, the behavior of the tension test piece which had been twisted in 
torsion prior to tension testing. I would like to ask the authors if their curves 
for strain hardening were corrected for the necking of the tensile test pieces, 
that is, necking will introduce additional stresses which may affect the results. 
As there is generally a difference in tensile properties between the transverse 
and rolling directions, the twisting of a torsion test piece that has been cut 
along the direction of rolling, the fibers are twisted so that later in tension the 
stress would actually be in the transverse direction. Has this factor been 
taken into account in interpreting results? 


Authors’ Reply 


The writers regret that Dr. Nadai is in disagreement both with the spirit 
and the details of this paper, especially so, since for many years Dr. Nadai has 
been recognized in this country as the outstanding authority upon the plasticity 
of metals. The difference in spirit with which Dr. Nadai and the writers ap- 
proach this subject may be due to a difference in interest. As an engineer, 
Dr. Nadai has been interested primarily in a self-consistent scheme within 
which lie the problems usually encountered in industrial processing. On the 
other hand, the writers, as students of metals per se, are interested primarily 


6Research engineer, Battelle Memorial Institute, Columbus, Ohio. 
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in the laws which govern the behavior of metals under all possible conditions. 

The influence of this difference in interest is most strikingly brought out 
by a comparison of the two approaches to the subject of strain hardening. Dr. 
Nadai was apparently content with a theory limited to the case where the 
principal axes remain fixed in the body, presumably because such a theory was 
sufficient for most industrial purposes. On the other hand, the writers have 
taken particular care so as to formulate the theory of strain hardening, that 
it may readily be applied to the most general types of strain hardening. At 
Dr. Nadai’s request, a detailed comparison is given at the end of this closure 
of the two methods of formulation, together with an analysis of the fundamental 
error which the authors believe Dr. Nadai made in attempting to apply his 
own formulation to a case where the principal axes rotate. 

As to a detail, Dr. Nadai criticizes the nearly complete absence of refer- 
ence to the contribution of the various workers in this field. It was the au- 
thors’ purpose to present clearly what they considered as the present status of 
the theory of the plastic state. They had felt that the clarity would be obscured 
by a detailed description of the opinions and contributions of all the many 
investigators in the field. It is regretted if this method of presentation has led 
to any disparagement or misunderstanding of the contributions of individuals, 
as it may have done in the case of Mohr. 

The writers wish to thank Dr. Morkovin for his very interesting presenta- 
tion of the confirmation of their ideas upon equivalence of strain rate and 
temperature by the Russian work. It is regretted that such excellent work 
which the Russians are apparently doing in this field has remained so inacces- 
sible 

The writers are fascinated with Messrs. Leiter and Winlock’s interpre- 
tation of the cause of the inhomogeneous deformation in “blue heat” range of 
mild steel. The writers have in the past been deeply indebted to the ideas of 
Messrs. Leiter and Winlock upon heterogeneous flow in steel, and so take 
double pleasure in thanking them for the new contributions presented in their 
discussion. 

The experiments described by Professor Bridgman in his discussion are 
believed to be of fundamental importance to any attempt at constructing a uni- 
fied theory of the fracture of brittle materials. It is. hoped that Professor 
Bridgman will later find occasion to describe these experiments in more detail. 

The writers find themselves in disagreement with most of Dr. McAdam’s 
remarks... (1) According to the von Mises system, which describes the plas- 
tic behavior of metals very well, plastic deformation in a transverse direction 
can be prevented only by the presence of a transverse stress equal to one-half 
of the longitudinal stress. Therefore, if the specimen in a flat strip is not 
contracting across its width, one may safely assume the specimen has a trans- 
verse stress across its width equal to nearly one-half of the tensile stress. (2) 
Upon re-examining the experiments of Kenyon and Burns to which Dr. 
McAdam refers, the writers find that the slopes of the true stress vs. natural 
strains for the round and flat specimens differ by not more than 15 per cent. 
It is assumed that Dr. McAdam compared the slopes ot the true stress vs. 
reduction of area curves of Kenyon and Burns. (3) The writers maintain the 
viewpoint that extreme caution must be used in the interpretation of experi- 
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ments based upon notched bars. With regard to the particular point raised by 
Dr. McAdam, Sachs and Lubahn’ have shown that an increase in notch depth 
is in certain cases accompanied by a more uniform stress distribution across 
the neck at rupture, and therefore by an increase in observed fracture stress. 

The writers agree with Mr. Sturm that Taylor’s dislocations, the micro- 
scopic stress inhomogeneities and crystallographic reorientations may all in- 
fluence the plastic behavior, as well as the fracture stress of metals. They have 
not, however, been able to find by means of these phenomena a logical explana- 
tion of those observations described in the text which follow so readily from 
the concept of microscopic cracks. The instinct of Mr. Sturm not to risk his 
life on a metal which contains any type of crack however small is unrealiable. 
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Fig. D—Examples of Difference Between Conventional and Natural 
Strains. 


The analysis of Griffiths assures us that the cracks become dangerous only 
when they become sufficiently large. In fact, the behavior of a crack is more 
predictable than that of an “avalanche”. Mr. Sturm has pointed out an error 
in the oral presentation of the paper, namely the omission of the factor f., with 
dimensions of 1/time, from Equation 3 of text. 

Mr. Jackson has suggested that the discrepancy between strain-hardening 
in tension and in shear might be reduced if proper account is taken of the 


7G. Sachs and J. D. Lubahn, “Notched-Bar Tensile Tests on Heat-Treated Low Alloy 
Steels,” Transactions, American Society for Metals, Vol. 31, 1943, p. 125. 
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effect of transverse stresses in the neck. At the time the paper was written 
no analysis had been given which took into account these transverse stresses. 
Fortunately such an analysis is being presented at this meeting by Professor 
Bridgman. In Fig. F is presented the observations on tension and shear pre- 
viously presented as Fig. 12, but corrected in the manner of Bridgman. It is 
seen that the observations for tension and for simple shear now agree up to 
a strain of unity if compared by the von Mises method. Beyond a strain of 
unity the slope of the strain hardening curve in shear still becomes considerably 
less than that expected either according to the von Mises or to the Mohr 
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Fig. E—Method of Computation of Principal 
Strain Increment for Case of Simple Shear. 


viewpoint. Mr. Jackson likewise has suggested that the initial anisotropy of 
a test specimen may affect the behavior in tension of a specimen subjected to 
shear. In the experiments described in the text the specimens were cut from 
forged bars. In such specimens the initial orientation of the microscopic 
cracks is very likely not isotropic, as Mr. Jackson suggests, but has a pre- 
ferred distribution about the axis of the specimen. Such an initial distribution 
would, however, have no effect upon the qualitative behavior of a specimen in 
tension which had been subjected to a prior shear. The reorientation of the 
microscopic cracks by twisting will still be such as to cause fracture across 
planes which were under compression during twisting. ; 

As requested by Dr. Nadai, the authors present below in detail the differ- 
ence between their formulation of strain hardening and that presented by him 
in 1937. 

Every worker in the subject of plasticity since Ludwik*® has recognized the 
paramount importance of his concept of natural strain as contrasted with the 
conventional strain. When a strain is computed in the conventional manner, 
each increment of distortion is always referred to the original configuration 


8P, Ludwik, Zeitschrift fiir Metallkunde, Vol. 16, 1924, p. 207. 
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before any distortion whatever. According to the Ludwik method, each small 
increment of strain is referred to the configuration of the system before 
that particular strain increment. The difference in the two methods of calcu- 
lating strain may be most vividly presented by a diagram, as in Fig. D. It is 
seen that while the two types of strain are different in the case of tension, they 
are identical in the case of simple shear such as occurs in torsion. The reason 
is of course that the base line to which increments are referred is continually 
changing in the case of tension, but remains unaltered in the case of simple 
shear. 
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Fig. F—Comparison of Stress-Strain Curves in Tension and in Simple Shear 
(Corrected for Transverse Stresses in Neck, After Bridgman). 


The concept of a generalized stress and of a generalized strain is necessary 
to any attempt,to obtain a unified theory of strain hardening. In such a unified 
theory, strain hardening under all types of deformation is given by a single 
relation, namely that which relates the generalized stress to the generalized 
strain. In the Nadai formulation of the theory, the generalized stress and 
generalized strain increments are called the octahedral stress and octahedral 
strain increments, respectively. They are defined in terms of axes pertaining 
to the specimen itself and may vary both in time and in position. Thus the 
octahedral stress is defined in terms of the principal stresses, and the octa- 
hedral strain increment is defined in terms of the principal strain increments. It 
is to be noted that the axes of principal strain increments are not necessarily 
parallel to the axes of principal stresses. In the writers’ formulation of the 
theory, the generalized stress and generalized strain increments are called stress 
invariant and strain increment invariant, respectively. They are defined in 
terms of a set of cartesian axes fixed in space. In both formulations of the 
theory, the strain increments refer to the configuration before the particular 
strain increment occurred. The generalized strains are thus natural in Lud- 
wik’s sense. 

The two ways of formulating the theory correspond closely to the two 
ways of formulating the general equations of hydrodynamics, the Eulerian and 
Lagrangian methods. In the first, attention is focussed upon co-ordinates in the 
body, in the second upon co-ordinates in space. In working a particular prob- 
lem, one should choose that formulation which is the simpler for that particu- 
lar problem. If the principal axes of strain in the body are rotating, special 
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care must be taken if the Nadai formulation is used. As an example of the 
use of the two formulations of general strain, the case of simple shear will be 
worked out completely by each method. 

The method introduced by the writers will first be used. The plane of 
shear will be taken to be the x, y plane. Then according to Eq. (a-4) of 
Appendix A, the invariant strain increment de: is given by: 

de: = (3/2)? dexy, 
and therefore the generalized strain e: given by: 
e: = (3/2) exy. 


The generalized strain is therefore proportional to the conventional shear 
strain, in agreement with the analysis presented in Fig. D. 

The octahedral strain increment d¥= is given in terms of the natural princi- 
pal strain increments de:, des, des by: 


dyn = 2(2/3)*? (de:? + de: des + de:*)*”, 


which is Nadai’s Equation (24) of ref. 32. In the particular case of simple 
shear, the principal strain increments de: and dez will be taken to be in the 
x, y plane. Then, as Nadai points out, de. =-de., so: 


dyn = 2(2/3)*” dex. 
In the interpretation of the resulting integral: 
Ya = 2(2/3)™* ex (Nadai’s Eq. 46), 


extreme caution must be used in the interpretation of the symbol e:. The 
strain increment de: has been defined in Ludwik’s sense, that is, for each ele- 
ment of distortion, the corresponding de, is computed with respect to the con- 
figuration before that particular distortion occurred. Following Nadai the 
conventional shear strain will be denoted by y. Then from Fig. E one sees 
that : 


de, = dv/2, 
and hence 
a I — 7/2. 


At this point, Dr. Nadai presumably went astray in his interpretation of his 
own symbol e:. His value for e: is given by the following equation: 


a= (1/2) In [1 + (¥°/2) +¥(1 + 7°/4)” ] 
(Equations (43) and (44) of Nadai). 


( Nadai) 


, 


This is precisely the value one would obtain if each element of volume had 
acquired its final configuration not by a simple shear, but by a pure shear 
combined with a rotation. This mistake probably arose from the fact that Dr. 
Nadai used a formula, Equation (30), which had been derived under the 
assumption that the principal axes remain stationary in space, and which 
therefore is not applicable to the case of simple shear. 








THE EFFECT OF VARYING AMOUNTS OF MARTENSITE 
UPON THE ISOTHERMAL TRANSFORMATION OF AUS- 
TENITE REMAINING AFTER CONTROLLED QUENCHING 


By H. J. ELMENDoRF 


Abstract 


The transformation of austenite to martensite has 
been studied for four commercial steels by the Greninger- 
Troiano quench temper method. The resulting austenite- 
martensite microstructures formed by controlled quenching 
were enployed to determine the effect of varying amounts 
of the two constituents on isothermal transformations at 
600, 700, 800, and 900 degrees Fahr. The results are 
shown in chart form. 

The effect of microstructure on tsothermal trans- 
formation is discussed and the resulting mechanical prop- 
erties are illustrated in graphs wherein it is seen that 
quench and tempered steels may be heat treated from the 
data contained in a series of time-temperature diagrams 
which are similar to the S-curve. The results show that 
a composite microstructure. of bainite and tempered 
martensite in the proper proportions will produce the 
advantages of tempered martensite tensile strength and 
bainite ductility. In general, it may be stated that con- 
trolled quenching followed by immediate tempering wil? 
produce the optimum in mechanical properties. 


INTRODUCTION 


USTENITE at subcritical temperatures does not start to trans- 
form immediately and the character of the transformation prod- 

ucts depends almost entirely upon the cooling rate imposed upon the 
steel. Extremely slow cooling produces transformation essentially at 
the equilibrium temperature ; intermediate cooling lowers the trans- 
formation temperature and it then generally proceeds over a range 
of temperature; very rapid cooling markedly lowers the transform- 
ation temperature and the austenite will transform directly to mar- 
tensite when the required conditions are met. Specifically these 
conditions are: (A) An imposed cooling rate sufficiently rapid to 
miss the upper region of rapid transformation on the cooling rate 
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S-curve, and (B) a quenching bath low enough in temperature to 
allow the austenitic steel to transform into martensite as it progresses 
through the required range of temperature for the steel under con- 
sideration. These specifications are in accord with the concepts of 
the S-curve and austenite to martensite transformations. 

E. S. Davenport and E. C. Bain (1)* investigated the iso- 
thermal transformation of austenite at a series of temperature 
levels which resulted in the development of the S-curve. Essentially 
these curves are time-temperature diagrams depicting the effect of 
temperature upon the time required for measurable beginning and 
ending of austenite transformation and the character and mechani- 
cal properties of the resulting microstructures. 

H. Carpenter and J. M. Robertson (2) in England and A. B. 
Greninger and A. R. Troiano (3) in this country have shown that 
austenite transforms to martensite over a range of temperature 
which is characteristic for the steel under consideration. Specifically, 
a steel quenched to a temperature within the martensite formation 
range will start to transform as soon as the temperature for the 
beginning of martensite formation is attained and continues to 
form as cooling progresses. It has been stated that if cooling is 
interrupted at some intermediate point in this range, then trans- 
formation is interrupted and upon resumption of cooling, trans- 
formation proceeds. Likewise, if the steel is held at the intermediate 
temperature for sufficient time, transformation may proceed iso- 
thermally. A recent publication by A. B. Greninger (4) stated 
that the rapidity of the quench will have little or no effect upon 
the temperature for the beginning of martensite formation. 

Therefore a method is presented to produce a reasonably con- 
trolled proportion of austenite and martensite in a steel by simply 
controlling the temperature of the quenching bath and simultaneously 
observe the effect of various proportions of austenite and martensite 
upon subsequent isothermal transformation at various temperature 
levels. In this paper we show the effects of various proportions of 
austenite and martensite upon the isothermal transformation com- 
pletion time at temperature levels from 600 to 900 degrees Fahr. 
and the mechanical properties resulting therefrom. In the course 
of this paper it is noted that there is an optimum heat treatment 
which, when properly controlled, will result in a superior combi- 
nation of tensile strength and ductility for quench and tempered 
steels. 


*The figures appearing in parentheses pertain to the references appended to this paper. 
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TRANSFORMATION OF AUSTENITE TO MARTENSITE 


Austenite-martensite transformations have been well covered 
by numerous investigators who have employed various methods of 
determination. In this paper we have used the Greninger-Troiano 
method (3) which is briefly: Austenitize as required and follow 
by quenching to a series of temperatures to form martensite; follow 
by a short tempering to darken the martensite and then quench 
into a bath at room temperature and examine the resulting micro- 
structures metallographically. 

Throughout this investigation austenitizing consisted of heating 
in lead at 1550 degrees Fahr. for one minute. Quenching was 
carried out in controlled temperature oil and salt baths. Four 
commercial steels were employed and the pertinent data follow: 


Analysis of Steels 


Size 











Per Cent . 

Steel Inches G Mn P S Si Mo 
AISI-c1065 0.120 D. 0.66 0.78 0.017 0.035 0.225 rer 
AISI-c1080 0.120 D. 0.80 0.87 0.012 0.023 0.295 ae 
AISI-1095 0.120 D. 0.91 0.46 0.012 0.022 0.275 eau 
AISI-a4063 0.177 D. 0.64 0.61 0.014 0.017 0.198 0.25 

Table il SS tae Se 73 
Time-Temperature Cycles for the Martensite Determination 
Quenching Quenching Tempering Tempering 
Temperature, ° F. Time, Seconds Temperature, ° F. Time, Seconds 

80-oil 60 530 5 
180-oil 60 530 5 
250-oil 69 530 5 
320-oil 60 530 5 
380—salt 60 700 3 
450—salt 15 700 3 

3 





500-salt 15 700 


A typical series of photomicrographs depicted the austenite- 
martensite transformation of steel AISI-cl065 are shown in Fig. 1 
below. The same type of photomicrographs have been examined 
for the four steels investigated and have been rated independently 
for per cent of martensite by four persons and the averages plotted 
in Fig. 2. It should be pointed out that inasmuch as austenite may 
be heterogeneous in many respects, the initial and final trans- 
formations of austenite to martensite may be subject to some 
inaccuracies. 

It is to be noted that the trends of the martensite transforma- 
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Fig. 1—Progress of Austenite-Martensite Transformation in AISI-cl1065 Steel. 
(a) 500 Degrees Fahr., (b) 450 Degrees Fahr., (c) 380 Degrees Fahr., (d) 32 


v2 


0 Degrees 
Fahr., (e) 250 Degrees Fahr. xX 500. 


tion curves are similar, and it is interesting to observe that there 
is little difference between the low alloy AISI-a4063 and the plain 
carbon AISI-cl065 steel. One would expect a slight difference, 








s 
240 “ TRANSACTIONS OF THE A. S. M. Vol. 33 


however, it is entirely possible that the small amount of alloy (0.25 
per cent molybdenum) might not be very potent in this respect. Some 
investigators have proposed correction factors for various alloying 
elements but it is believed that the factor for molybdenum in the 
amount investigated may be small. 
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Fig. 2—Austenite- Martensite Transformation in 
Four Commercial Steels. 
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Fig. 3—Effect of Carbon Content on the Start 
of Martensite Transformation. 


Fig. 3 illustrates the effect of carbon content on the tempera- 
ture for the start of martensite transformation and in addition we 
have plotted the published data of other investigators. In this il- 
lustration, we have made no effort to separate the effects of vary- 
ing manganese or alloy content which exist in the steels investigated ; 
however, in spite of this we believe the points to show very close 


agreement. The data reported by T. G. Digges (5) is for iron- 
carbon alloys; H. Scott and Hoop (6) for corrected high manganese 
steels; A. B. Greninger and A. R. Troiano (3) for a low manga- 
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nese steel in one case and a commercial steel in another and all show 
very consistent agreement; should the steels investigated be cor- 


rected for alloying elements, it is very probable that all data would 
be very comparable. 


ISOTHERMAL —2TRANSFORMATION 
oF VaRIOoUS AUSTENITE-MARTENSITE MtIxTURES 


The isothermal transformation of austenite to ferrite and 
carbide structures has been reported by Davenport and Bain (1) and 
others and the methods employed for the construction of the 
S-curve are well known. In this study the same technique has been 


| | AISI-G1065 
||| CQ68, Mn 078 
.\| | | Austenitized in lead 
at 1550° for / Min. 


(Il) | 
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Fig. 4—Effect of Varying Amounts of Austen- 
ite on the Time for Completion of Isothermal Trans- 
formation for AISI-c1065 Steel. Amounts of Aus- 
tenite Remaining After Controlled Quenching Noted 
on Individual Curves. 


employed deviating only in the respect that our starting structures 
for transformation are various mixtures of austenite and martensite 
rather than all austenite. These mixtures are produced by the use 
of controlled quenches which are then followed by isothermal trans- 
formation studies to determine the required times for completion 
of the austenite remaining in the quenched steel. A martensite 
determination specimen was treated for each quench employed as 
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Fig. 5—-Effect.of Varying Amounts of Austenite 
on the Time for Completion of Isothermal Transforma- 
tion for AISI-c1080 Steel. Amounts of Austenite Re- 
maining After Controlled Quenching Notes on Individ- 
ual Curves. 
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Fig. 6—Effect of Varying Amounts of Austenite 
on the Time or Completion otf Isothermal Transforma- 
tion for AISI-c1095 Steel. Amounts of Austenite Re- 
maining After Controlled Quenching Noted on Individ- 
ual Curves. 
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Fig. 7—Effect of Varying Amounts of Austenite 
on the Time for Completion of Isothermal Transfor- 
mation for AISI-a4063 Steel. Amounts of Austenite 
Remaining After Controlled Quenching Noted on In- 
dividual Curves. 
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Fig. 8—Effect of Varying Amounts of 
Austenite on the Time for Completion of 
Isothermal Transformation for AISI-c1065 


Steel. Amounts of Austenite Are Those Re- 
maining After Controlled Quenching. 
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Fig. 9—Effect of Varying Amounts of 
Austenite on the Time for Completion of ) 
Isothermal Transformation for AISI-c1080 : 
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Fig. 10—Effect of Varying Amounts of 
Austenite on Time for Completion of Iso- 
thermal Transformation for AISI-cl1095 
Steel. Amounts of Austenite Are Those Re- 
maining After Controlled Quenching. 
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a control for the amount of austenite in the reported isothermal 
transformation specimens. The data for the various mixtures have 
been plotted by two methods, namely: (a) Temperature versus 
time for the various mixtures and (b) per cent of austenite in 
the specimen versus time for the temperature levels investigated. 
We wish to point out that inasmuch as we are starting with a 
mixed microstructure of austenite and martensite, any immediate 
tempering will produce a mixed microstructure of bainite and 
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Fig. 11—Effect of Varying Amounts of 
Austenite on the Time for Completion of 
Isothermal Transformation for AISI-a4063 
Steel. Amounts of Austenite Are Those Re- 
maining in Steel After Controlled Quench- 
ing. 
tempered martensite, with the proportions of the final mixture 
dependent on the amounts of each formed in the quench. Figs. 4-11 
follow showing the isothermal transformation data. In Figs. 4-7 it 
is observed that the amounts of austenite for each curve is the 
amount remaining in the quenched specimen for subsequent iso- 
thermal transformation. In all cases these varying amounts of 
austenite have been transformed completely to bainite and the times 
for the completion of transformation are shown. In Figs. 8-11, 


the remaining amounts of austenite in the quenched steel for 
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subsequent transformation to bainite by isothermal transformation 
are plotted as a function of the amount of time required for trans- 
formation completion. 

These curves lead to some very interesting conclusions on the 
effect of martensite in an austenite-martensite mixture on subsequent 
transformation. It is observed that the time for the completion of 
transformation for all temperature levels is appreciably shortened by 
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Fig. 12—Effect of Varying Amounts of Austen- 


ite on the Per Cent of Time for the Completion of 
Isothermal Transformation. 


the presence of the martensite in the austenite matrix. Likewise, as 
the amount of martensite increases, the time for completion is short- 
ened until 100 per cent martensite should require zero time for com- 
pletion. The acceleration of completion transformation may be ex- 
plained by two hypotheses, namely: (a) As mentioned by J. M. Rob- 
ertson in one of his earlier publications, the micro stress imposed on 
the system by the formation of the martensite might very well influ- 
ence the transformation of the remaining austenite and therefore pro- 
duce the acceleration. (b) When we consider the specimen which is 
totally austenitic to require the maximum time for completion of 
transformation, we might expect specimens containing smaller 
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amounts of austenite to require a time for completion of trans- 
formation in relation to the amount of austenite present. If the 
latter is true we should expect to have a straight line relationship 
between the amount of austenite present for transformation and 
the per cent of time required for completion of transformation. We 
have made a plot of these data and as a result we do not believe 
that the latter hypothesis explains the results illustrated in Fig. 12, 
while the former more nearly approximates the data. 
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Fig. 13—-Cemparison of Mixed Structure ‘and- Macro 
Stress Theories to Account for Increase in the Ductility 
for Hot-Quenched Steels. 


This figure is for the 600 degree Fahr. transformation level ; the other 
temperature levels show some variation. In general AISI-cl065 
and AISI-a4063 steels tend to lie above the straight line relation- 
ship while the AISI-cl0O80 and AISI-c1095 steels tend to lie below 
and in both cases the curves for the pairs of steels lie very close 
together. If we can assume higher carbon martensite to exert a 
greater micro stress on the system, we are then able to account for 
the different displacement for the various steels; however, before 
this can be definitely stated more study must be given to the subject. 
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MECHANICAL PROPERTIES 


We have studied the effect of various mixtures of austenite 
and martensite (Present as bainite and tempered martensite) on 
tensile strength, hardness, and ductility properties. 

The mechanical properties investigation follows the isothermal 
transformation study as a natural sequence in that we have used 
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Fig. 14—Effect of Structural Composition on the Me- 
chanical Properties of AISI-cl1065 Steel. Composition Vari- 
ations Regulated by Controlled Quenching. 


the determined time and temperature cycles evolved from that work 
with the one exception of allowing 10 per cent overtime in the 
tempering operation to provide for any non-homogeneities in the 
quenched steels. According to the martensite formation theory 
used throughout this investigation a steel treated by quenching 
into a controlled temperature bath would have a mixed micro- 
structure of austenite and martensite and after suitable subsequent 
tempering the bainite and tempered martensite structure might 
logically have the advantages of high tensile strength resulting from 
the tempered martensite and high ductility resulting from the 
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Fig. 15—Effect of Structural Composition on the Me- 
chanical Properties of AISI-c1080 Steel. Composition Vari- 
ation Regulated by Controlled Quenching. 
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bainite, the main point being to determine the optimum proportion 
necessary to produce the desired mechanical properties. 

During the course of this investigation the question was 
raised many times that the increase in ductility for a hot-quenched 
steel might be associated with a lower macro stress in the steel 
due to the elevated temperature quench rather than to the presence 
of bainite. This question led to a series of treatments wherein we 
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Fig. 17—Effect of Structural Composition on the Me- 
chanical Properties of AISI-a4063 Steel. Composition Vari 
ations Regulated by Controlled Quenching. 


have produced a structure typical of the quenching treatment fol- 
lowed in one case by immediate tempering and in the other by 
air cooling the quenched steel to room temperature and then tem- 
pering. According to the macro stress theory the air-cooled speci- 
mens should show the same mechanical properties as the immediately 
tempered specimens while according to the mixed structure theory 
we would expect the immediately tempered specimens to have 
progressively lower tensile strengths and higher ductilities as the 
quenching temperature was raised, due of course to larger amounts 
of bainite being present as a result of more austenite in the quenched 
steel. Likewise, according to the mixed structure theory we would ex- 
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pect all of the air-cooled steels to have the same tensile strength and 
ductility regardless of the initial quenching temperature inasmuch as 
the air cooling naturally allows any austenite remaining in the 
quenched steel to proceed to martensite on cooling. Fig. 13 shows 
the results of this study and it is clear that the macro stress theory 
does not hold entirely and that the mixed structure theory appears 
very tenable. It is however believed that the elevated temperature 
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quench in many cases is very useful in the avoidance of cracks 
formed during quenching. 

The mechanical properties of the four steels studied have been 
plotted as a function of the structural composition of the steel, 
namely, bainite and tempered martensite, and we have used 100 
per cent bainite and 100 per cent tempered martensite steels as 
the two base points. The results are shown in Figs. 14 to 17. It is 
seen from these plots that the lowest tensile strength, Nowest hard- 
ness and the highest ductility for any one Temperature level are 
generally associated with the fully bainitic steel with slight variances 
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in some instances. A decrease in the quenching temperature synon- 
ymous with a decrease in the amount of austenite remaining in 
the quenched steel (hence less bainite in the tempered steel) 
always raises the tensile strength and hardness, and lowers the 
ductility ; furthermore, the transformation time for completion is 
always decreased. Likewise, there are instances where a suitable 
combination of bainite and tempered martensite with-the same 
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hardness as a wholly bainitic structure will exhibit higher tensile 
strength and ductility with an appreciably shorter transformation 
time. Generally this difference exists due to a difference in the 
temperatures involved for the production of the two systems. 
While the quenching times used in this study are very short, 
a few quenches in the order of one hour were investigated and 
it was found that the long time had no great effect on either the 
tensile or ductility properties. Accordingly it is believed that the 
main prerequisite consists of quenching to a suitable elevated 
temperature, properly controlled, followed by immediate tempering. 
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It is realized that the tempering cycles reported in this paper are 
very short and in Figs. 18 to 19 we show the results of longer times 
for AISI-cl065 and cl080 steels, austenitized in lead at 1550 
degrees Fahr. for one minute, quenched at a series of temperatures, 
and tempered at 800 degrees Fahr. As might be expected the longer 
times lower the tensile strength and seem to have very little effect 
on the ductility. This is to be expected when it is considered that 
the additional tempering time will have little or no effect on the 
bainite and probably affects only the martensite. 
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Fig. 20—Effect of Structural Composition on the Yield Ratio 
of Four Commercial Steels. 


A few tests using the same cycles as above were carried out 
for 0.01 per cent yield strength values and it is observed from Fig. 
20 that the yield ratio is lowest in all cases for the fully bainitic 
steels and that a combination of approximately 50 per cent tempered 
martensite and 50 per cent bainite or higher amounts of tempered 
martensite exhibit the highest ratios. It is observed that the AISI- 
a4063 steel shows the highest ratio for practically all structural 
combinations studied. 

From the results of the mechanical property study it is be- 
lieved that optimum heat treating cycles for quench and tempered 
steels may be arrived at with the same simplicity as was pre- 
viously associated only with the use of the S-curve for the deter- 
mination of the proper austempering heat treating cycles. As in 
austempering, the complete heat treatment may be arrived at from 
simple time-temperature diagrams illustrated in Figs. 4 to 7. How- 
ever, we wish to reaffirm that the elevated quench must be immediately 
followed by tempering to obtain the full measure of success. 
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SUMMARY AND CONCLUSIONS 


The mechanism of martensite transformation as reported by 
Carpenter and Robertson and others has been confirmed and it is 
believed that the transformation may be reasonably controlled with 
suitable equipment. It is thought that the carbon content, of the 
steel under consideration exerts the greatest influence “on the 
temperature for the beginning of martensite transformation and 
probably is of major importance throughout the range of trans- 
formation. On the basis of this work it is evident that the molyb- 
denum content of 0.25 per cent has very little effect on the start 
of martensite transformation. 

The presence of martensite, formed on cooling, in an austenite 
matrix will materially shorten the time for completion of trans- 
formation and the greater the amount of martensite the shorter the 
time. It is possible that the acceleration of completion transformation 
may be due to a micro stress imposed on the system by the martens- 
ite formed during the quench. The fact that the higher carbon 
steels investigated transformed at a faster rate than the lower 
carbon steels may tentatively be explained on the basis that high 
carbon martensite may exert a greater micro stress on the system. 

For the same transformation level, fully bainitic steel exhibits 
the lowest tensile strength and hardness, and in most cases the 
highest ductility. Transformation of an austenite-martensite speci- 
men will result in a mixed microstructure of bainite and tempered 
martensite which, when properly controlled, may exhibit the high 
tensile properties of a tempered steel and the high ductility of an 
austempered steel. In addition the required time for completion of 
transformation will be very materially shortened. 

Other investigations have shown that quenching times as long 
as one hour have no harmful effects on the mechanical properties 
of the steel. Longer tempering times result only in a lowering of 
the tensile strength with very little effect on the ductility. 

It may be stressed that to obtain the advantages of an elevated 
temperature controued quench, it must be immediately followed by 
tempering to realize the stated improvements in mechanical proper- 
ties. Also sufficient transformation time must be allowed for the 
decomposition of the austenite into bainite otherwise the heat treated 
steel may be brittle due to the retained austenite which would be 
present as untempered martensite. 
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DISCUSSION 


Written Discussion: By G. M. Foley, research engineer, Battelle Memorial 
Institute, Columbus, Ohio. 

The author presents a technique and results of great value to those inter- 
ested in the martensite and isothermal transformations. 

I should like to ask if the effect of martensite on the beginning of isothermal 
transformation of the remaining austenite was observed, and whether any gen- 
eralizations regarding the effect of martensite on the induction period can be 
made. 

It seemed of interest to replot the author’s data after the method used to 
compare S.A.E. steels by Janitzky and Baeyertz in the A.S.M. Metals Hand- 
book, 1939 edition. Figs. A and B show plots of ultimate strength versus 
reduction of area, the only other tension test properly reported by the author, 
for various mixtures of martensite and bainite. 





256 TRANSACTIONS OF THE A. S. M. Vol. 33 





Fig. B 


The diagrams for the two higher carbon steels show the potent effect of 
small amounts of bainite in increasing the ductility of tempered martensite. On 
the other hand, in the case of these high strength materials, for any given 
ultimate strength, the maximum ductility is obtained from bainite. Higher 
strengths are shown for mixtures of martensite and bainite than for any pure 
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bainite, but stronger bainite could be had by transformation at a lower tempera- 
ture than was done by the author. The heat treating time might, in this case, 
become excessive. 

In the two lower carbon steels shown the effect of varying the proportions 
of tempered martensite and bainite is less pronounced and, as has been noted 
frequently, the relative ductility of bainite decreases at lower hardness. 

The major question about the practicability of the heat treatments described 
thus depends upon the relative advantages of shorter heat treating times, in- 
volving a reduction of austempering time for high strength from 25 minutes to 
4 minutes as against the loss of ductility which may occur in some materials, 
and the complications of the double quenching technique involved. 

Written Discussion: By B. R. Queneau, lieutenant commander, U.S.N.R.. 
U. S. Naval Proving Ground, Dahlgren, Va. 

The author has added some valuable data to the information on the trans- 
formation of austenite to martensite and bainite. The effect of the presence of 
martensite on the austenite-bainite transformation is of particular interest. 

However, when discussing the mechanical properties of various mixtures of 
bainite and tempered martensite, the author confuses the picture to some extent 
by comparing structures varying both in hardness and in ductility. For a given 
steel, bainite formed at one temperature is softer than martensite tempered at 
that temperature. For instance in steel AISI-cl065 treated by the author, bainite 
formed at 600 degrees Fahr. (315 degrees Cent.) had a hardness of Rce5l as 
compared to Rc58 for martensite tempered at the same temperature. To 
obtain a hardness of Rc51, a tempering temperature of 800 degrees Fahr. (425 
degrees Cent.) was required for an initial structure of 100 per cent martensite 
and a temperature of 700 degrees Fahr. (370 degrees Cent.) for a mixture of 
30 per cent bainite and 70 per cent martensite. From the curves shown in 
Fig. 14, the following hardness and per cent reduction of area data can be 
obtained : 


Structural 


Composition, Temperature of Transformation Hardness, Per Cent Reduction 
Per Cent and Tempering—Degrees Fahr. Rockwell C of Area 

100 Bainite 600 51 56 

20 Bainite 700 51 56 
0 Bainite 800 51 50 

100 Bainite 700 44 57 

30 Bainite 800 44 57 

10 Bainite 900 44 56 

100 Bainite 800 37 62 

40 Bainite $00 37 62 


It can be seen that for steel AISI-cl1065 the ductility of mixtures of bainite 
and tempered martensite is equal to that of a homogeneous bainite of equal 
hardness unless the per cent of tempered martensite is over 80 per cent. For 
the steels of higher carbon content investigated by the author, much lower per- 
centages of martensite result in a loss of ductility. 

It has been shown (from the work of Bain, Davenport and others), that 
for high carbon steels bainite has greater ductility than tempered martensite 
of equal hardness. The importance of the present paper is that it indicates that 
considerable time of heat treatment can be saved by partially transforming the 
austenite to martensite prior to the austempering treatment without loss of 
ductility. 
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Written Discussion: By Charles Nagler, Department of Metallography, 
University of Minnesota, Minneapolis, Minn. 

Mr. Elmendorf is to be complimented for the fine work he did on gathering 
information for this paper. It was with much interest that the writer read in 
the conclusions the statement: “Molybdenum content of 0.25 per cent has very 
little effect on the start of martensite transformation.” 

This conclusion is in line with some work carried out by the writer in 
studying the effect of molybdenum on austenite transformation rate in cast iron 
at relatively low subcritical temperatures of 400 to 700 degrees Fahr. (205 to 
370 degrees Cent.). It was found that molybdenum content up to approximately 
one-half per cent had little or no effect on the position of the beginning or end 
portion of the isothermal trausformation curves in the temperature range of 
400 to 700 degrees Fahr. (205 to 370 degrees Cent.). 

The cast irons used in this investigation were approximately of the 3.00 
carbon 2.00 silicon variety. These studies were carried out on a commercial 
heat of iron made in a cupola. There is no reason to believe that molybdenum 
would have any different effect in cast iron than it would have in steel, for it 
appears that the carbon content is somewhat of a major factor in determining 
the beginning and end point on the isothermal transformation curves of any 
alloy, be it either a steel or a cast iron in the low temperature subcritical range 
of 400 to 700 degrees Fahr. (205 to 370 degrees Cent.). 

Written Discussion: By E. P. Klier, assistant instructor, University of 
Notre Dame, Notre Dame, Ind. 

The subject matter covered in this paper is of broad theoretical as well as 
practical importance. Thus the data given in Fig. 2 affirm the results of Forster 
and Scheil* that the formation of martensite begins at a low rate (dV/dT), 
attains a maximum then decreases, all on continuous cooling. Further it is 
indicated that the rate of martensite formation is not purely a function of the 
distance below Ar”, but may well be dependent on the composition of the 
steel, i.e., the martensite range is not a constant temperature interval. 

It is believed that the author’s remarks regarding the effect of martensite 
on subsequent transformation by isothermal holding are somewhat ambiguous. 
From a theoretical point of view it is far more important that the rates of trans- 
formation be determined than the actual times for completion. Since these 
data for the purpose at hand need be only qualitatively correct, the information 
contained in the author’s Fig. 12 will suffice. The tangent to any of these curves 
indicates the rate of transformation at that point. It is interesting to note that 
for the two medium carbon steels the rate of austenite decomposition decreases 
with decreasing austenite present. This does not appear to be true, however, 
for the high carbon steels, in which instances the rate curves pass through points 
of inflection. For these steels then the maximum rate of austenite decomposition 
takes place when about 60 to 80 per cent austenite is present. 

After a consideration of the results of Zmeskal and Cohen’ on high carbon 
high chromium steels it appears that the results for the two high carbon steels 


may be in error. Reference to their Fig. 4 indicates that the steels containing 


iF, Foérster and E. Scheil, Z. Metallkde., Vol. 28, 1936, p. 245-247. 


20. Zmeskal and M. Cohen, “The Tempering of Two High Carbon-High Chromium 
Steels,’ Transactions, American Society for Metals, Vol. 31, 1943, p. 380-408. 
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the greatest amounts of austenite transformed at the highest rates, The data 
of Zmeskal and Cohen are preferred for the high carbon steels because of the 
method used in determining the course of the transformation. The micro-stress 
theory which demands an increase in the rate of austenite decomposition with 
increasing amounts of martensite present cannot be considered correct. That 
the austenite in mixed structures of various sorts transforms at a lower rate 
than 100 per cent austenite has been shown repeatedly.”*° 

The work on the mechanical properties of steels composed of mixtures of 
tempered martensite and isothermal decomposition products is very interesting, 
but it is believed that certain work of this nature which has already been done 
should be given consideration. 

Griffiths, Pfeil and Allen® have shown that frequently structures composed 
in part of intermediate transformation products are very low in impact proper- 
ties. It has been shown in numerous instances that it is not possible to com- 
pletely transform austenite in the upper intermediate range*** while the 
physical properties thus developed are inferior to those developed in tempered 
martensite structures of the same hardness. Continued holding at constant 
temperature to ensure complete transformation has in some instances been shown 
to have deleterious effects.” * 


Author’s Reply 


The author is grateful to those who have contributed discussions to this 
paper. 

Mr. Foley has commented upon the possible effects of martensite on the 
start of isothermal transformation. While we have not reported on this effect 
of martensite, we do believe there may well be a definite effect, however, due 
to the similarity of two of the products present—bainite and tempered martensite 
—it is very difficult to differentiate between them and this is particularly true 
at the temperature levels investigated, namely, 600 to 900 degrees Fahr. (315 
to 480 degrees Cent.). We might add that we have observed that the isothermal 
transformation product seems to start at the martensite needle interface. 

We have found that the two-step heat treatment is not at all impractical 
and requires only a controlled temperature quench bath wherein the steel is 
allowed to remain until it has approximated the bath temperature and is then 
followed by an ordinary tempering treatment. The excellent mechanical prop- 
erties obtained and the short tempering times involved are believed to be well 
worth the requirements of controlled quenching. 

Commander Queneau rightly calls attention to the fact that the final heat 
treated steel is composed of two microstructural constituents differing markedly 
in hardness. We believe this combination to be of value as it permits us to take 


®°D. P. Antia, Discussion, Transactions, American Society for Metals, Vol. 31, 1943, 
p. 408. 


‘H. Lange and K. Matieu, Mitteilungen aus dem Kaiser Wilhelm Institut fiir Eisen- 
forschung, Vol. 20, 1938, p. 125-134. 


®°V. Sadovski and N. Chuprakova, Metallurg, Vol. 14, 1939, p. 88-89. 


*W. T. Griffiths, L. B. Pfeil and N. P. Allen, Iron and Steel Institute. Second Report 
of the Alloy Steels Research Committee, 1939, p. 343-367. 


7H. Dépfer and H. J. Wiester, Archiv. Eisenhiittenwesen, Vol. 8, 1935, p. 541-548. 


8A. Rose and W. Fischer, Mitteilungen aus dem Kaiser Wilhelm Institut fiir Eisen- 
forschung, Vol. 21. 1939, p. 133-145. 
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advantage of the high tensile strength of the high hardness tempered martensite 
and the high ductility of the bainite and to so combine the two that a very 
desirable result is achieved. 

Mr. Nagler’s comments on the effects of molybdenum on the isothermal 
transformation of cast iron are very interesting. Isothermal transformation data 
for steel have shown that the molybdenum predominantly affects the portion of 
the S-curve from abcut 800 degrees Fahr. (425 degrees Cent.) and higher— 
that is, in the region of the “nose’’ of the S-curve, with lesser effects observed 
at the lower temperatures of 500 to 700 degrees Fahr. (260 to 370 degrees 
Cent.). The effect of molybdenum on the Ar” point has been corroborated by 
Chiswik and Greninger in their recent paper. 

Mr. Klier’s comments are greatly appreciated and the points are well taken. 
We would like to say that from a commercial point of view, the effect of mar- 
tensite on the acceleration of complete transformation is of prime importance 
in that it offers practical methods of achieving high tensile strength coupled 
with high ductility with a minimum of time consumed. 

We would like to point out that the data of Zmeskal and Cohen offered as 
a refutation of our high carbon transformation data may well be at variance 
when it is considered that the Zmeskal and Cohen paper was concerned with 
the transformation of retained austenite in 1 to 1.5 per cent carbon, 5 to 12 
per cent chromium steels while our investigation was primarily concerned with 
plain carbon steels whose austenite definitely transforms on cooling. The above 
variances coupled with the complete dissimilarity in the investigational methods 
may well account for the noted differences. 

The data quoted from Griffiths, Pfeil and Allen are primarily concerned 
with low carbon alloy steels whose intermediate transformation structures are 
not particularly adapted to the production of good mechanical properties; how- 
ever, this does not hold for the plain carbon steels over 0.50 per cent carbon as 
has been shown by Davenport and Bain and others. The Griffiths et al. data are 
primarily for hardnesses under 45 Rockwell C for low carbon alloy steels and 
in the author’s experience we have never considered these hardnesses or carbon 
contents to be satisfactory for the constant temperature type of heat treatment. 
Rather, we have always confined this type of heat treatment to plain carbon 
steels between 0.50 and 1.10 per cent carbon at hardnesses of approximately 
45 to 55 Rockwell C. 

Numerous instances are at hand which clearly show that the time for com- 
pletion of transformation at some of the upper intermediate temperature levels 
is a very time consuming job. However, the temperatures are in the range of 
800 to 1000 degrees Fahr. (425 to 540 degrees Cent.) and are generally asso- 
ciated with the low carbon high alloy type of steel. We have never noted this 
behavior in the plain carbon steels for which this treatment is contemplated. 
Likewise, we have seen examples of overtime transformation high as 2400 per 
cent and upon subsequent testing showed no deleterious effects. We might add 
that disastrous results are always obtained when insufficient time is allowed for 
the completion of the transformation of the austenite. 

















MARTENSITE REACTIONS IN ALLOY STEELS 
By Peter PAyson AND CHARLES H. SAVAGE 


Abstract 


By means of the Greninger-Trotano quench-temper 
procedure, the effects of manganese, silicon, nickel, 
chromum, molybdenum and tungsten on the temperatures 
of the start of the martensite reaction in 0.50 carbon steels 
have been determined. From these data and those of Gren- 
inger on the effect of carbon a formula has been developed 
from which the Ms points of alloy steels may be calcu- 
lated with a fair degree of accuracy. Since carbon has 
a very marked effect on the Ms point, the temperature of 
the martensite reaction can be used as a measure of the 
carbon content of the steel. The quench-temper pro- 
cedure may therefore be used for measuring depth of 
decarburization (or carburization) in steels. 


ee 


INTRODUCTION 


T has become clear in recent years that the reactions which occur 
in steels during their heat treatment can be understood thoroughly 
only through an understanding of the transformations of the austen- 
ites of the steels. These transformations are best summarized in 
the transformation temperature time curves, many of which have 
been published. The curves of the alloy steels differ widely among 
themselves as might be expected. However, these differences are 
not haphazard, but follow an orderly change depending on the alloy- 
ing elements dissolved in the austenite. For example, from the data 
of Davenport (1),* and Parke and Herzig (2), (3), (4), the follow- 
ing conclusions may be reached on the effects of alloying elements 
on the shapes of the transformation curves: 

1. Carbon has little effect on the transformations from about 
1300 to 900 degrees Fahr. (705 to 480 degrees Cent.) but markedly 
retards the transformations from about 900 to 400 degrees Fahr. 
(480 to 205 degrees Cent.). 

2. Manganese and nickel retard the transformations both at 
the upper as well as the lower temperature ranges. 





*The figures appearing in parentheses refer to the bibliography appended to this paper. 


A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. The authors, Peter Payson and 
Charles H. Savage, are associated with the Eastern Research Laboratory, Cru- 
ae Company of America, Harrison, N. J. Manuscript received July 
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3. Chromium and molybdenum retard the transformations from 
about 1300 to 1100 degrees Fahr. (705 to 595 degrees Cent.) ap- 
preciably, and have a very marked retarding effect on the reactions 
from about 1100 to 900 degrees Fahr. (595 to 480 degrees Cent.), 
but have little effect on the reactions from about 900 to 400 degrees 
Fahr. (480 to 205 degrees Cent.). 





Fig. 1—The Effect of Carbon 
on the ‘Ms of Plain Carbon Steel (6). 


It was natural to expect that the alloying elements would have 
similar orderly effects on the martensite reactions in steels. How- 
ever, although a number of publications have presented data on 
martensite reactions (5), (6), (7), (8), (9), 10, only the effect of 
carbon has been studied quantitatively. It is shown in Fig. 1, re- 
produced from Greninger (6), that increasing carbon markedly low- 
ers the temperature of the start of the martensite reaction, or the Ms 
point as designated by Shepherd (10). Since there were not already 
available sufficient data from which the effects of the different 
elements on the Ms point could be established, and since it has been 
indicated (9), (10) that a knowledge of Ms points is advantageous 
in carrying out the effective hardening of steels, an investigation 
was made to supply these data. This paper discusses this investiga- 
tion as well as a method based on Ms determinations for measuring 
depth of decarburization (or carburization) in alloy steels. 


EXPERIMENTAL PROCEDURE 


A series of 15-pound induction melted ingots was made up with 
varying amounts of manganese, silicon, nickel, chromium, molybde- 
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num and tungsten. These were forged to bars approximately 1 by 0.5 
inch. The analyses of these bars are shown in Table I. All steels were 
specified approximately 0.50 carbon because first, it was desirable 
to eliminate any question of the effect of carbon by maintaining 
carbon constant; second, it was expected that with some alloy mod- 
ifications, steels with less than 0.50 carbon might precipitate ferrite 
during the quench to the Ms temperature, and thus alter the composi- 





Table I 
The Effect of Alloying Elements on the Ms and Mf Points of 0.50 Per Cent Carbon Steel 
Tempering 
Austen- Treatment in Approx- 
itizing Quench-Temper imate 

Type Treatment Procedure Ms Mf 

%Z ec Mn Si Ni Cr Mo WwW °F Mins. °F °F °F 
1 Mn 2 - = rr ere le ll OT 200 
3 Mn O.47 3.633 @126 .... cece sess secs SORR-RO Gone oece, 465 — 2 
5 Mn 0.44 4.87 0.29 .... .... «ee «ee 1800-10 700-20 Secs. 370 —i100 
1 Si @:67 @.00 2.50 cece cece cvee cove SnD ne eee 610 275 
1 Ni 0.45 0.36 0.31 1.16 .... .... .-.. 1700-30 600-10 Secs. 590 275 
3 Ni 0.46 0.34 0.28 3.36 .... .... .... 1700-30 600-30 Secs. 540 150 
5 Ni 0.46 0.35 0.30 4.83 .... .... .... 1700-30 600—-1Min. 495 125 
1 Cr 0.50 0.32 0.27 .... 0.98 .... .... 2300-3 700-10Secs. 595 175 
3 Cr 0.52 @.36 0.3% ..°..3.16 .... .. 32s iw. «So 50 
5 Cr 6.535 @.33-.0.38 .... 4.64 ....  ..:. 22S S2ee-oe oes. 655 0 
1 Mo 0.560 0.36 @:32..... .... 1.05 .... 2S 1200-15 Ms. G25 300 
3 Mo et en SS A) ee UG 580 225 
5 Mo 0.40 O.36 -@:37 ....° .... 3.4 .:.. See eee 550 200 
1W O.53 @.dB @.de .ccc cone coos £4.06 Zao Bee oe 6 300 | 
3W G@.46 @:34 ©O.27 .... cece cses 8.42 BaR5-3 1205-0 Secs §6 GO 300 
5W @.46. O.37 0.27 .... +s «s-. 4.08 2aaS-3 | 1200-30 Soo. SO 275 
3 Ni-1Cr 0.46 0.30 0.28 3.36 0.99 .... .... 2100-5 ote 


1000-10 Mins. 500 





| | 








tion of the residual austenite; and third, with steels containing large 
amounts of the carbide-forming elements chromium, molybdenum 
and tungsten, it was expected that carbon over 0.50 might not be 
completely dissolved in the austenite even at extremely high tempera- 
tures. All steels also contained approximately 0.20 to 0.40 mangan- 
ese and silicon (except in the cases of those steels in which these 
elements were purposely varied) so that any conclusions based on 
these experimental heats could be applicable to commercial alloy 
steels which always contain at least similar amounts of these two 
elements. 

The Ms determinations were made by the Greninger-Troiano 
quench-temper metallographic procedure described in previous pub- 
lications (5), (8), (9). The sections used were in no case over 
7s inch thick, and in many cases were not over 0.030 inch in thickness, 
the thinner sections being used when ever there was any tendency 
for ferrite to separate from the austenite during the quench to the 
Ms temperature. (It should be pointed out here that an attempt 
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was made to determine the Ms point of a 0.50 carbon steel containing 
only 0.30 manganese and 0.30 silicon and the results were not suc- 
cessful because it was not possible by this technique to avoid high 
temperature transformations even in sections only 0.030 inch thick 
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when quenched into baths at about 600 to 650 degrees Fahr.) 
The austenitizing temperatures used for the different steels were 
based on the solubilities of the carbides, since in order to. determine 


C Mn 
i Mn 0.47 1.02 
1 Mn 0.47 1.02 
1 Mn 0.47 1.02 
3 Ni 0.46 0.34 
3 Ni 0.46 0.34 


3 Ni 0.46 0.34 


Si 
0.34 
0.34 
0.34 
0.28 
0.28 
0.28 


Ni 


aoww 
AA 


Table I! 
The Effect of Grain Size on the Ms of the 1 Per Cent Mn and 3 Per Cent Ni Steels 


Austenitizing 

Treatment 
°F Mins. 
1600-30 
1800-10 
2000-10 
1700-30 
1800-20 
2000-10 


Fracture 
Grain 
Size 
5% 
4% 

3 
4% 


4 
244 


Ms 
°K 


the effects of the various elements, it was necessary to have them com- 
pletely dissolved in the austenite. The austenitizing treatments for 


the different steels are shown in Table I. 


In every case it was es- 


tablished by examination of a quenched microsection that the selected 
austenitizing treatment was satisfactory for complete solution of 
carbides. The austenitizing treatments were carried out in a carbon- 


aceous muffle in a globar furnace to minimize decarburization. 


Since Greninger (6) had indicated that austenitizing tempera- 
ture had a measurable effect on the Ms point, it was necessary that 
this effect be checked because a fairly wide range of austenitizing 


temperatures was used in this investigation. 


Accordingly, the Ms 


points of the 1 per cent manganese and the 3 per cent nickel steels 
were measured for three different austenitizing temperatures, viz., 
1600, 1800, and 2000 degrees Fahr. (870, 980 and 1095 degrees 
Cent.) for the former, and 1700, 1800, and 2000 degrees Fahr. 


(925, 980 and 1095 degrees Cent.) for the latter. 


of carbides. 


The tempering treatment 
was determined by experiment. 
facts that it gave a satisfactory etching contrast between the 


in the quench-temper 


As shown in 
Table II, the Ms points were found to be within 5 degrees Fahr. for 


all of the austenitizing temperatures. It is to be concluded, therefore, 
that austenitizing temperature has a negligible effect on the Ms point, 
as long as the temperature is sufficiently high for complete solution 


procedure 


Its selection was based on the 
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tempered and untempered martensite, and that it would not permit 
transformation of the austenite. The selected treatments are shown 
in Table I. The pieces were always quenched in water after they 
were tempered. The Ms values were measured to about 10 degrees 
Fahr. To do this, a sample was quenched to an arbitrarily selected 
temperature, held in the bath for 15 seconds, then tempered and ex- 


a 
Ye 
Re 
cs 
ee 
«s 
dete 
Bot 





Fig. 4—The Effect of Chromium on the Ms 
and Mf of 0.50 Per Cent Carbon Steel. 


amined. If it showed tempered martensite, another sample was 
quenched to a higher temperature, held for 15 seconds, then tempered 
and examined. Thus by cut and try, the region in which the Ms 
temperature was to be found was gradually established. In the 
final determination, the sample was quenched first to a bath somewhat 
above the expected Ms temperature so that most of the heat would 
be abstracted from the sample before it was introduced into the 
bath held just below the expected Ms point. With this two-step 
quench, the temperature of the final bath could be controlled to 
within 2 degrees Fahr. The Ms determinations are given in Table I 
and are plotted in Figs. 2 to 6. 

Since the designation of the Ms point by the metallographic 
method is somewhat arbitrary, the photomicrograph in Fig. 7 is 
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Fig. 5—The Effect of Molybdenum on the Ms 
and Mi of 0.50 Per Cent Carbon Steel. 
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Fig. 7—Amount of Tempered Martensite Considered Necessary to Indicate Ms 
Point in Quench-Temper Procedure. X 1000. 


shown to illustrate the amount of tempered martensite which was 
established as the limit. A dark etching needle here or there in the 
section was considered insufficient evidence that the sample had been 
quenched below the Ms point. If the number of dark etching 
needles in any field of the microsection was definitely in excess of 
the amount shown in the photomicrograph, the temperature to which 
the piece had been quenched was considered to be below the Ms point. 
To make the data on the effects of the alloying elements on 
the martensite reactions more complete, determinations were also 
made of the temperatures of the finish of the martensite reaction, 
or the Mf points. These determinations were made by the metal- 
lographic method which it is admitted is less reliable for the finish 
of the reaction than for the start of the reaction. (See discussions 
of references (8) and (9). ) The approximate Mf values are shown 
in Table I and in Figs. 2 to 6. For bath temperatures below room 
temperature, mixtures of dry ice and methanol were used. 


DISCUSSION OF RESULTS 


The data of Table I and the curves of Figs. 1 to 6 show that 
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within the limits of analyses studied, all elements tend to lower the 
temperature of the martensite reaction. Carbon is by far the most 
effective, the order of the other elements from most to least effective 
being manganese, chromium, nickel, silicon, molybdenum and 
tungsten. ‘The latter three have approximately equal effects. The 
decrease in the Ms temperature appears to be directly proportional 
to the amount of the element in the steel. A gratifying fact is that 
all the Ms lines of Figs. 2 to 6 when extrapolated to O per cent of 
each element indicate the Ms temperature of a plain carbon steel of 
about 0.50 carbon to be 635 to 645 degrees Fahr. (335 to 340 degrees 
Cent.) which is in good agreement with the Ms point for a 0.50 
carbon steel as indicated by Greninger’s curve reproduced in Fig. 1. 

When data are found to have linear relationships, it is natural 
that an attempt should be made to combine them into a simple for- 


Table Ill 
Comparison of Measured and Calculated Values of Ms Points 


Austenit. Ms Point—°F 
Steel Temp., °F . Mn Si Ni Cr Mo Meas. Cale. Deviat. 
4042 1500 0.43 0.90 0.23 0.23 0.27 0.26 610 600 —10 
4063 1500 0.64 0.85 0.29 0.19 0.24 0.27 445 490 +45 
8442 1500 0.40 1.43 0.22 0.23 0.29 0.32 600 590 —10 
8949 1500 0.49 1.01 0.20 0.54 0.56 0.38 535 530 — § 
8749 1500 9.53 0.85 0.21 0.53 0.50 0.26 540 535 — § 
4142 1500 ~O-41 0.86 0.30 0.11 1.06 0.23 590 575 —15 
4160 1575 0.61 0.59 0.24 0.16 0.94 0.33 500 485 —15 
4342 1500 —0.42 0.68 0.18 1.74 0.81 0.29 530 550 +20 
Special 1650 O.ae £.48 0.8. .... Gee eee 655 625 —30 


———— 


NOTE: Of the above, all but the last value were published in Reference (10). The last appeared 
in Reference (7). 


mula. The result of this attempt is the following, which may be ap- 
plied to the prediction of the Ms temperature of any low alloy steel 
providing of course that the austenitizing temperature used is one 
at which all carbides will be completely in solution in the austenite. 
Ms in °F =930—570C—-60Mn—50Cr—30Ni—20Si—20Mo—20W. 

There are not many published Ms points against which this 
formula may be tested. Those in references (8) and (9) cannot 
be used because all steels discussed are tool steels and the conventional 
austenitizing temperatures used for these steels are not high enough 
to dissolve all carbides. The calculated values of Ms points for 
these steels would therefore be much lower than the measured values, 
as indeed they are. However, the Ms values published in veferences 
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(7) and (10) may serve to test this formula. These are shown in 
Table III together with values calculated from the formula. It will 
be noted that six of the calculated values are within 5 to 15 degrees 
Fahr. of the measured values, one is off by 20 degrees Fahr., one by 
30 degrees Fahr., and one by 45 degrees Fahr. For most practical 
purposes it appears therefore that values of Ms points calculated 
from this formula should be satisfactory. 

Of the Mf points there is very little to be said because of the 
uncertainty of these values. It may be stated generally however that 
the Mf points are approximately 325 to 475 degrees Fahr. (165 to 
245 degrees Cent.) below the Ms points, the spread between the Ms 
and Mf points being greater for the elements that are most effective 


in depressing the Mf point, namely, manganese, chromium, and 
nickel. 


MEASUREMENT OF DECARBURIZATION BY MEANS OF THE 
MARTENSITE REACTION 


From Fig. 1 which shows the effect of carbon on the Ms point 
of plain carbon steel it is very clear that the martensite reaction can 
be used to measure the carbon content in steel. By the quench- 
temper procedure it is easy to distinguish between a 0.60 and a 


Table IV 


Effect of Carbon Content on the Ms Points of 18-4-1 and 5-4-41 High Speed Steels 
The 18-4-1 samples were austenitized at 2350 degrees Fahr., and the 5-4-4-1 samples at 
2225 degrees Fahr. After being quenched to salt baths at appropriate temperatures, the 

samples were tempered immediately at 1100 degrees Fahr. for 10 minutes, 
then quenched in oil. 





Ms Point 

Type Cc Mn Si Cr V Ww Mo °F 
18—-4-1 0.33 0.32 0.13 3.65 1.33 17.98 dina 670 
18-8-1 0.51 0.34 0.20 3.70 1.12 17.77 510 
18-4-1 0.70 0.43 0.33 3.84 1.08 17.58 3 
18-4-1 0.84 0.49 0.24 3.88 1.07 17.67 iid dvs 275 
5-4-4-1 0.38 0.33 0.26 3.87 1 5.44 3.96 570 
5-4-4-1 0.59 0.35 0.32 3.90 1.50 5.31 4.08 425 
5-4-4-1 0.81 0.35 0.25 3.97 1.43 5.36 4.02 320 
5-4-4-1 0.84 0.31 0.22 4.05 1.71 5.41 4.52 305 
5-4-4-1 1.00 0.34 0.31 3.92 1 , 4.08 








_ 0.70 carbon steel because the Ms points are about 60 degrees Fahr. 
apart. All that is necessary is that the steel be heated to a tempera- 
ture at which all carbides are in solution and that the austenite thus 
formed be cooled sufficiently rapidly to the martensite temperature 
to avoid any high temperature transformation. As has been in- 
dicated above, the martensite reaction can be measured by the quench- 
temper procedure to within at least 10 degrees Fahr., and therefore 
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the carbon content of the steel can be measured to about 0.02 per cent. 

This procedure somewhat modified can also be applied to high 
alloy steels in which carbides are not completely dissolved at any 
austenitizing temperature. The modification involves merely the 
use of a constant austenitizing temperature. To demonstrate this, 
two series of steels were made up, one consisting of the 18-4-1 high 
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Fig. 9—The Effect of Carbon 
on the Ms of 5-4-4-1 


speed steel base with variable carbon, and the other of the 5-4-4-1 
high speed steel base with variable carbon. The analyses of these 
steels are given in Table 1V. The Ms temperatures were determined 
as described above, an austenitizing temperature of 2350 degrees 
Fahr. (1290 degrees Cent.) being used for the 18-4-1 series and an 
austenitizing temperature of 2225 degrees Fahr. (1220 degrees Cent.) 
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being used for the 5-4-4-1 series. The Ms points for these steels 
for the austenitizing temperatures mentioned are given in Table IV 
and are plotted in Figs. 8 and 9. The linear relationships between 
Ms temperatures and carbon contents are again visible in these two 
series. The slope of these two carbon - Ms temperature lines is almost 
the same as that of the Greninger curve shown in Fig. 1. It is 
obvious then that by means of these lines, the carbon content in these 


two high speed steels can be measured within a few points by the 
quench-temper procedure. 





Fig. 10—Bars of 5-4-4-1 High Speed Steel Showing Different Amounts of Decar- 
burization as Indicated by the Quench-Temper Procedure. Samples After Being Decar 
burized were Heated in a Carbonaceous Muffle at 2225 Degrees Fahr., Quenched to a 
Bath at 310 Degrees Fahr., Tempered at 1100 Degrees Fahr., then Polished, and Etched 
in 5 Per Cent Nital. Central Hole Drilled to Provide Fresh Cut Edge for Control. 
Natural Size. (Although the microstructure of the decarburized rim actually is dark 
etching, and that of the core is light etching, the photograph makes the relationship 
appear reversed. This is attributable to the fact that macroscopically, only the rim 
appears etched and the core appears to be polished and not etched. The reflection of 
light from the polished surface into the lens of the camera causes the photograph of the 
core of the sample to be completely dark.) 


This method has been applied to the measurement of depth of 
decarburization in high speed steels. (Evidently, the method could 
also be applied to other steels, and for measurement of depth of 
carburization as well.) The decarburized samples are heated in a 
carbonaceous muffle at 2350 degrees Fahr. (1240 degrees Cent.) for 
18-4-1 and 2225 degrees Fahr. (1220 degrees Cent.) for 5-4-4-1. 
They are then quenched to the appropriate bath temperature for the 
base carbon content of the steel, 380 degrees Fahr. (195 degrees 
Cent.) for 18-4-1, and 310 degrees Fahr. for 5-4-4-1, and held about 
15 seconds at the bath temperature, then tempered immediately at 
about 1100 degrees Fahr. (595 degrees Cent.) for 10 minutes.. A 
very sharp contrast is then obtained in the polished and etched micro- 
section between the dark etching tempered martensite in the low 
carbon rim and the light etching untempered martensite in the high 
carbon core. This is illustrated in Fig. 10, which is a photomacro- 
graph of three artificially decarburized samples of 34-inch round 
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5-4-4-1 high speed steel which have been given the quench-temper 
treatment. The holes in the center of each sample are drilled pur- 
posely to provide fresh cut edges in the microsection as a control 
to establish whether or not any decarburization had been introduced 
during the austenitizing of the sample prior to the quench-temper 
procedure. Fig. 11 is a reduced composite of several adjacent fields 
of a decarburized rim after the quench-temper treatment, photo- 
graphed originally at 500 to show how clearly the decarburized 
layer is delineated by this method. However, although the principle 
of this method of measuring decarburization is quite simple, it is 
necessary that all heating and transformation temperatures be care- 
fully controlled to get reliable results. 


SUMMARY 

It has been shown that carbon, manganese, silicon, nickel, chrom- 
ium, molybdenum and tungsten all tend to lower the Ms point of steel, 
the decrease in the Ms point being proportional to the amount of the 
element dissolved in the austenite. Of these elements, carbon has 
by far the greatest effect in depressing the Ms point, manganese, 
chromium, and nickel follow in that order, and silicon, molybdenum, 
and tungsten, are least effective, and are about equivalent in this 
respect. On the basis of experimental data, the following formula 
can be used for calculating Ms points of low alloy steels providing 
that the austenitizing temperatures used are sufficiently high to permit 
solution of all the carbides in the steel: 
Ms in °F = 930—570C—60Mn—50Cr—30Ni—20Si—20Mo—20W. 
Since the Ms temperature of a steel is very sensitive to its carbon 
content, the quench-temper procedure used for measuring the Ms 
temperature can also be used for establishing the depth of decarburi- 
zation, or carburization, in steels. As an example, the application 
of this method to the measurement of decarburization in high speed 
steel has been shown. 
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DISCUSSION 


Written Discussion: By H. H. Chiswik, research metallurgist, Battelle 
Memorial Institute, Columbus, Ohio. 

On page 269, the authors state the Ms lines of Figs. 2 to 6 when extra- 
polated to 0 per cent of each element indicate the Ms temperature of a plain 
carbon steel of about 0.50 carbon to be 635 to 645 degrees Fahr. (335 to 340 
degrees Cent.) and that this value is in good agreement with that reported by 
Greninger (Fig. 1). I should like to point out that the extrapolated value of 
the manganese curve to 0 per cent manganese (Fig. 2) should not correspond to 
the value reported by Greninger, 625 degrees Fahr. (330 degrees Cent.), since 
the latter dealt with a steel containing 0.42 to 0.62 per cent manganese. The 
extrapolated value of that curve should rather correspond to the Ms point of a 
nearly pure iron-carbon alloy containing 0.50 per cent carbon (the 0.26-0.34 per 
cent silicon may be disregarded, since its maximum effect, if any, on the Ms point 
can only be about 6 degrees Fahr. on the basis of the authors’ work). The Ms 
point of a 0.50 per cent carbon pure iron-carbon alloy is reported by Greninger 
to be 690 degrees Fahr. (365 degrees Cent.) which is considerably higher than 
the extrapolated value 635 degrees Fahr. (335 degrees Cent.) obtained by the 
authors. The discrepancy becomes even greater when one considers the fact that 
the values plotted on the manganese curve (Fig. 2) are for carbon contents of 
(0.44-0.47 per cent rather than 0.50 per cent, in view of the considerable effect of 
carbon on the Ms point (6 degrees Fahr. per 0.01 per cent carbon). 

A similar discrepancy exists in the extrapolated value of the nickel curve 
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(Fig. 3). When corrected to a 0.50 per cent carbon content, the nickel curve 
yields a value of 585 degrees Fahr. (307 degrees Cent.) for the Ms point of a 
steel containing 0.35 per cent manganese. Allowing 20 degrees Fahr. for the 
manganese content (on the basis of the authors’ work, 1 per cent manganese 
depressed the Ms point 60 degrees Fahr.), a value of 605 degrees Fahr. (320 de- 
grees Cent.) is obtained as the Ms point of a 0.50 per cent carbon pure iron- 
carbon alloy, as contrasted to Greninger’s value of 690 degrees Fahr. 

On the basis of the above, it appears that considerably more data would be 
necessary, especially in the low alloy content range (<1 per cent), before one 
could conclude that the effects of the alloying elements on the Ms points are 
purely algebraically additive, as suggested by the authors in their empirical 
formula on page 269. It may well be that at low alloy contents (<1 per cent) the 
Ms curves are not strictly linear. Furthermore, it would be well to emphasize 
that the formula suggested by the authors is definitely not applicable to steels 
with carbon contents above 0.80 per cent where the effect of carbon ceases to 
be linear. 

Written Discussion: By B. F. Shepherd, chief metallurgist, Ingersoll- 
Rand Co., Phillipsburg, N. J. 

The Society is again indebted to Mr. Payson and his associates for con- 
tinuing their work on the formation of martensite. 

Being interested in current specifications, I have used Mr. Payson’s formula 
to plot the Ms points of a number of standard specifications, using the mean of 


Temperature, °F 





O 
Q Q2 04 Q6G 028 10 12 
Carbon, Per Cent 


Influence Upon Ms Point of Carburized Al- 
loy Steels Calculated on Mean of Specification 
According to Payson’s Formula. 
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the specification analysis. The range of temperature is only 30 or 40 degrees 
from low of all elements to high of all elements. 

Using a carburizing steel, we see the influence of carbon content as shown in 
the accompanying illustration. The authors have pointed out that the formula is 
good only when carbides are in solution and the lower portion of these curves 
should be blocked out below the percentage of carbide which is placed in solu- 
tion at the commonly used hardening temperatures and soaking times. 

The eutectoid for alloy steels is shifted to the left so that increasing per- 
centages of alloy have more free carbide. It would be valuable to know just 
what the eutectoids are for the standard compositions. 

Written Discussion: By Louis A. Carapella, Mellon Institute of Industrial 
Research, Pittsburgh. 

The fact that the Ar” temperatures or Ms points of steels can be established 
from the chemical analysis alone is indeed useful for “Martempering” or other 
heat treatments where the knowledge of such a temperature is important. There- 
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by eliminated is the laborious experimentation often required to determine this 
information. The authors, therefore, should be commended for this contribution. 

It is of interest to bring out that a little better agreement may be obtained 
between the calculated and observed values of the Ms points by using the 
“multiplying-factor-principle” instead of the algebraic method given by the 
authors. This procedure is preferred by the writer because of the ease with 
which Ms points can be computed by a successive multiplication of factors with 
a slide rule. 

In both methods, however, it is assumed that the influence of each element 
on the lowering or raising of the Ms points of steels is independent of the presence 
of others. Thus, shown in the accompanying figure are the factor-curves derived 
judiciously from the authors’ data presented in Table I. The carbon factors, 
however, were computed from the data published by Greninger (6) (see Fig. 1), 
while the cobalt factors were derived from the recent work of Chiswik and 
Greninger.* By extrapolating the curve shown in Fig. 1 to 0 per cent carbon 
content, a value of about 925 degrees Fahr. (495 degrees Cent.) was obtained. 
Although the real physical significance of this temperature is unknown, it is 
useful as a “datum-temperature” upon which to base the computation of actual 
Ms points. This value is slightly lower than the one used by the authors. The 
multiplying-factor-principle may now be expressed as 


Ms = 925. X fo’ fun X fat X fut X ...... etc. (degrees Fahr.) 


A comparison of the observed and calculated values of Ms points for both 
methods is made in Table A. There is generally good agreement between the 
algebraic and multiplying-factor methods; the latter, however, does show a little 
better agreement with the observed values. Whenever the computed values of 
the Ms points are excessively lower than those observed, it may indicate in- 
accuracy or incompleteness of chemical analysis or both; whereas, higher values 
may suggest that the effectiveness of all elements is not being fully realized. 
Furthermore, the possibility of the presence of errors in observations must not 
be overlooked in this account. 

Finally, this paper offers us some idea of the empirical nature of martensitic 
reactions in steels. More systematic work of this type should be undertaken in 
studying the influence of vanadium, titanium, columbium, copper, boron, aluminum, 
phosphorus, beryllium, and other elements in order to give us a more complete 
knowledge of martensitic reactions in alloy steels. 


Authors’ Closure 


Mr. Chiswik very properly has pointed out that the manganese and nickel 
curves, Figs. 2 and 3, when extrapolated to 0 per cent of each element should not 
correspond to the value reported by Greninger for a 0.50 per cent carbon steel. 
It may be as Mr. Chiswik has indicated that other factors so far not considered 
account for the coincidence that the lines for each element as shown in Figs. 2 to 6 
actually do intersect the temperature axis at approximately the same value. In 
regard to Mr. Chiswik’s reference to the formula on page 269, the authors did not 

1H. H. Chiswik and A. B. Greninger, “‘Influence of Nickel, Molybdenum, Cobalt and 


Silicon on the Kinetics and Ar” Temperatures of the Austenite to Martensite Transforma- 
tion in Steels,”” Transactions, American Society for Metals, Vol. 32, 1944, p. 483. 





be 





na 


: 
} 


| 
. 
: 


. ye 


280 TRANSACTIONS OF THE A. S. M. Vol. 33 


intend to imply that the formula should be used in place of actual determinations 
of Ms points. A formula of this kind is useful only to approximate the values, 
and not to measure them. In the authors’ laboratory Ms determinations are still 
being carried out and these determinations practically always check the formula. 
For those who do not find it convenient to measure Ms values, the formula 
should be reasonably helpful. Among the papers presented at this meeting there 
are two determinations of Ms values which serve further to check the validity of 
the formula. In the paper by Cruciger and Vilella’ the measured value of Ms 
for the case of the carburized 4815 steel is given at 200 to 205 degrees Fahr.—- 
the calculated value is 240 degrees Fahr. (115 degrees Cent.). In the paper by 
Chiswik and Greninger*® the measured value for the commercial 2345 steel is 
about 520 degrees Fahr. (270 degrees Cent.)—the calculated value is 530 degrees 
Fahr. (276 degrees Cent.). 

Mr. Shepherd’s curves are welcome additions to the paper. By means of 
these curves it should be possible to estimate from Ms determinations the carbon 
content in the carburized portions of these steels, as well as the depth of case. 

Mr. Carapella’s multiplying-factor formula provides those who are interested 
in calculating Ms values another method of getting these results, which is perhaps 
better than the algebraic method of the authors. 

The authors have already tried to supply some of the data on martensitic 
reactions for which Mr. Carapella asks in the last paragraph of his discussion. 
It was found that vanadium carbides in steels of about 0.50 per cent carbon did 
not dissolve completely even at 2350 degrees Fahr. (1290 degrees Cent.), and 
that in low carbon-low vanadium steels the bainite reactions interfered with the 
determination of the Ms point by metallographic methods. Apparently the 
effect of vanadium on the Ms point is going to be difficult to establish. About 
0.5 per cent copper depresses the Ms temperature only slightly. Both cobalt and 
aluminum were found to raise the Ms temperature as has been reported by 
Chiswik and Greninger® and by Zyuzin, Sadovski, and Baranchuk*. The 
present authors found that 0.4 per cent aluminum lowered the Ms slightly while 
1.45 per cent aluminum definitely raised it. The additional data on Cu, Co and 
Al are as follows: 


Aust. 


Type Cc Mn Si Addition Temp. °F. Ms °F. 
0.50 Cu 0.45 0.35 0.29 0.56 Cu 1700 620 
0.90 C 0.90 0.32 0.38 ae 1700 425 
1.40 Co 0.88 0.33 0.36 1.39 Co 1700 460 
0.40 Al 0.88 0.34 0.41 0.40 Al 1700 420 
1.45 Al 0.87 9.33 0.38 1.45 Al 1700 470 


2J. R. Cruciger and J. R. Vilella, ““The Isothermal Transformation of Case-Carburized 
S.A.E. 4815,”” Transactions, American Society for Metals, Vol. 32, 1944, p. 195. 
__. SH. H. Chiswick and A. B. Greninger, ‘Influence of Nickel, Molybdenum, Cobalt and 
Silicon on the Kinetics and Ar” Temperatures of the Austenite to Martensite Transformation 
in Steels,””’ Transactions, American Society for Metals, Vol. 32, 1944, p. 483. 

4V. Zyuzin, V. Sadovski and S. Baranchuk, “Influence of Alloy Elements on Position of 


Martensite Point, Quantity of Retained Austenite, and Stability of Retained Austenite Dur- 
ing Tempering,’’ Metallurg, Vol. 14, 1939, p. 75-80. 











AN X-RAY STUDY OF THE TIME-RATE OF PRECIPITA- 
TION FROM A SOLID SOLUTION OF COPPER 
IN ALUMINUM 


By CuHarLes H. Townes 


Abstract 


The age hardening of aluminum-copper alloys has 
been studied by many investigators using density, elastic 
limit, elongation, hardness, electrical conductivity, and lat- 
tice parameters. Results are summarized elsewhere.’ The 
present work (using balanced filters and Geiger-Miiller 
counters) shows the time rate of change of the diffracting 
powers of the atomic planes of the aluminum-copper solid 
solution and of its decomposition products (©’ and 9). 
Prestrained 25S alloy was heated for 24 hours at 540 
degrees Cent. (1005 degrees Fahr.) (to dissolve all the 
copper in the aluminum) and then water-quenched at 20 
degrees Cent. The copper was then allowed to migrate at 
309 degrees Cent. (590 degrees Fahr.). It was found 
that: (a) In the aluminum “solid solution” phase the 
diffracting power of the (111) planes decreased to a con- 
stant value in 120 hours; the (100), (110), and (311) 
planes showed a decreased diffracting power followed by a 
considerable increase. (b) The (112) (2) plane of © 
decreased to a constant diffracting power in 120 hours. 
(c) The (001) (3), (101) (2), (112), (110) (2), and 
(211) planes of © increased in diffracting power to a 
constant value in approximately 120 hours. Definite in- 
terpretations of the above are offered. 


RECIPITATION from a binary (or even ternary) solid solu- 

tion has been studied for many years by many investigators 
using many methods'. We may use the aluminum-copper system 
as a typical example. It appears that the precipitation of an aluminum- 
copper intermetallic compound from a solid solution of copper in 
aluminum, takes place in two steps. The first step yields a tetragonal 
material, called ©’, considered by metallurgists to be an allotropic 


~ From a thesis submitted to the Physics Department of the Graduate School of The 
Pennsylvania State College in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy. 


Age Hardening of Metals, 


” 


published by the American Society for Metals, 1940. 


The author, Charles H. Townes, is associated with the department of 
physics, Virginia State College, Ettrick, Va. Manuscript received June 7, 1943. 
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form of CuAl,, whose lattice constants are, a,—8.20, b.—11.6 A, 
A=a/b=0.71. This material is supposed to change into a second 
tetragonal material, called © (CuAl,), whose lattice constants are, 
a-=6.04 A, b.—4.86 A, A—a/b—1.24. It is the purpose of the 
present investigation to add to the above a rather detailed knowledge 
of the time-rate of growth of individual crystallographic planes in 
the precipitate (CuAl,). This was made possible by the use of 
Geiger-Miller quantum counters to measure the intensities of X-ray 
beams diffracted by the precipitate. 


APPARATUS, MATERIAL AND TECHNIQUE 


A molybdenum target Coolidge (G. E. X-ray Corp.) tube was 
operated at 25 ma., 42 Kv max.) with balanced ZrO, and SrCO, 
(Patterson Screen Co.) filters. The filters contained respectively 
0.072 gram Zr and 0.138 gram Sr per square centimeter. Three 
lead slit systems, each 0.01 inch wide and 0.75 inch high and 6 inches 
long, were mounted on a Spencer Lens Co. (No. 818) spectrometer. 
One of these was the customary collimating slit system; a second 
system, mounted on the swinging arm, was used in the usual way to 
measure the angle of diffraction for various diffracted beams; the 
third was mounted rigidly to admit the beam from the (311) planes 
of the solid solution of copper in aluminum. The beam passed by 
this third slit system served, therefore, as a standard or pilot to 
indicate that all operating conditions were constant while readings 
were being taken on the beams passed by the second slit system. 
The (311) planes of the solid solution were chosen merely because 
the intensity was high and the angle was large enough to avoid con- 
tact with the slit system on the swinging arm. 

The two Geiger-Miiller quantum counters were of the argon- 
oxygen type. Each was provided with its own high voltage supply 
and with its own amplifying and pulse-leveling circuit, etc. These 
circuits were of the usual type, such as have become semi-standard 
in this laboratory. Counts were made on Cenco impulse counters 
(Central Scientific Co. No. 73511). A mercury switch taped to the 
handle of a Cenco interval timer (No. 73405) was inserted in series 
with the impulse counter so that all data were taken over 5 + 0.02 
minute intervals. Experience has shown that over this time interval 
the counts on the third (stationary) counter were substantially 
uniform. 











1944 X-RAY STUDY OF CU IN AL 283 


The electric furnace used for heating the specimens was operated 
on a constant voltage circuit so that it was easy to maintain a sub- 
stantially constant temperature. Temperatures were measured by a 
chromel-alumel thermocouple. 

Specimens for examination were cut from a sheet of 25S alloy 
kindly furnished by Drs. R. F. Mehl and C. S. Barrett. The com- 
position of 25S is given (Metals Handbook) as 4.5 per cent copper, 
0.8 per cent manganese, 0.8 per cent silicon, balance aluminum. 
The presence of these elements and the substantial absence of others 
was confirmed by the spectroscope. The strips cut from the original 
sheet were pulled through a die-plate to give cylindrical wires, 
0.043 inch in diameter. The wires were then heated in the air in 
the furnace at 540 degrees Cent. (1005 degrees Fahr.) for 24 hours, 
in order to put all the copper in solid solution in the aluminum, and 
were then quenched in water at 20 degrees Cent.? 

They were then polished on fine emery cloth to remove traces 
of oxide. Then they were put back in the furnace at 309 degrees 
Cent. in order to facilitate the migration of copper in the aluminum, 
and were kept at that temperature except when under examination. 
Each time the wires were taken out of the furnace, they were 
quenched in water at 20 degrees Cent. No evidence of oxidation 
could be found in these quenched specimens. Time of aging was 
reckoned from the time of first insertion into the furnace at 309 
degrees, Cent. and included all the time at 309 degrees Cent. (590 
degrees Fahr.). Time at 20 degrees Cent. was not counted as part 
of the aging time. In many cases, the examination with the Geiger- 
Miller counter was paralleled by an exposure of a duplicate speci- 
men on another X-ray outfit, using a photographic film. In some 
cases, further checks were made with a microscope at X 100, since 
the precipitate was indicated by brown patches. All» specimens 
were given identical time-temperature histories. The time required 
for the complete examination at 20 degrees Cent. varied from 90 to 
270 minutes. 


EXPERIMENTAL RESULTS 


The Geiger-Miiller counter proved to be more sensitive than the 
photographic film, since it often indicated clearly the presence of 


2A.S.M. Metats Hanpsoox, 1939 edition, p. 1222 shows that at 4 per cent copper, 
96 per cent aluminum, 540 degrees Cent. lies in the solid solution range and that this range 
is very narrow. The present work seems to show that small amounts of manganese and 
silicon do not alter this diagram greatly since the approximate temperature limits for 25S 
turned out to be 505 and 550 degrees Cent. (940 and 1020 degrees Fahr.). 
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lines which could not be seen with certainty above the background 
on the film. The time history of a typical specimen is shown in 
Figs. 1, 2, and 3. 

In all cases, the ordinate is expressed in terms of quantum 
counts per minute, i.e., one fifth of the counts made during the 
standard 5-minute counting period. 

The diffraction pattern of the (224) planes of the ©’ phase 
could be found easily by photographic means at heating times (309 
degrees Cent.) between 20 and 60 minutes with an apparent maxi- 
mum intensity at about 60 minutes, but the line could not be found 
photographically if the time were increased to 9 hours. This line 
could, however, be detected easily by the quantum counter for heat- 
ing times up to 280 hours—long after the © phase had become 
constant. No other lines of the ©’ phase could be found, indicating 
perhaps that the particle size was small or that the ©’ phase was 
oriented within rather narrow limits. 


DISCUSSION OF RESULTS 


It is to be assumed, of course, that the presence of copper in 
solid solution in the aluminum will tend to produce distortions in the 
crystals of aluminum. In a cubic crystal these distortions should 
“average out” so that the crystals of the solid solution should still 
be cubic, but with a lattice parameter somewhat different from that 
of the Al. Migration of copper in the solid solution must result 
in the formation of nuclei of an intermetallic compound, 9’ (con- 
sidered by metallurgists to be CuAl,). Succeeding atoms of copper 
will find it more difficult to migrate away from these nuclei than to 
migrate in the free solid solution. This should tend to produce an 
enormous number of nuclei of ©’ scattered pretty uniformly 
throughout the aluminum. It is to be expected, therefore, that the 
atomic planes of the solid solution should become very badly distorted 
during the first part of the “aging” at 309 degrees Cent. (590 de- 
grees Fahr.), and that therefore their diffracting power should 
decrease markedly. Fig. 1 shows that, for all four crystallographic 
planes of the solid solution that were investigated, this was indeed 
the case. 

It has been assumed above that the growth of nuclei of ©” is 
due, not to a unidirectional flow of copper toward the nuclei, but 
only to the fact that there is less chance for flow of individual atoms 
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of copper away from the nuclei. The larger the nuclei the more 
stable they must become, and this leads at once to the conclusion 
that the large nuclei must grow at the expense of the smaller nuclei. 
If we once grant this, it is evident that, except in the immediate 
neighborhood of the segregations of the precipitate, the distortions 


Intensity of Diffracted Bearn in Terms of Quanturn Counts per Min. 





O 40 80 120 160 200 240 280 
Hours Aged at 309%. ~ 
Fig. 1—Time-Intensity Curves for (111), 


(100), (110), and (311) Planes of the Solid 
Solution of Copper in Aluminum. 


of the aluminum lattice must become less and less until eventually, 
when practically all the copper has been converted into precipitate, 
the diffraction power of the aluminum lattice must become nearly 
normal. We may expect, therefore, that some one or more planes 
of the aluminum lattice (which will be the planes along which the 
precipitate forms) will continue to show impaired diffracting power, 
while the rest of the planes will show a recovery or even a final 
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increase in diffracting power. Examination of Fig. 1 shows that 
this is the case, for the (111) planes (with the biggest interplanar 
spacing in the whole aluminum lattice, and therefore the planes along © 
which a precipitate might be expected to segregate), show a constantly 
decreasing diffracting power for about 120 hours, after which the 
diffracting power remains constant. Fig. 1 shows also that all the 
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O 40 80 120 I60 200 2440 20 
Hours Aged at 309°C. 


Fig. 2—Time-Intensity Curves for (224) Planes of the 9’ Phase. 


other planes of the aluminum investigated showed a decrease in 
diffracting power followed by a substantial rise. In the case of the 
(110) and (100) planes the final diffracting power became con- 
siderably more than at the beginning. 

Fig. 2 shows that only one plane of ©’, (224), could be found 
to diffract X-rays and that its diffracting power was weak in com- 
parison with that of the planes of the 6 phase. This may mean 
that the amount of ©’ was small, or that its particle size was very 
small, or that the range of orientation of most of its crystals was not 
favorable. The data from Fig. 2 do not enable us to decide between 
these alternatives. The data from Fig. 2 are, however, of peculiar 
interest because of the fact that a small portion of the ©’ is shown 
to persist at 309 degrees Cent. (590 degrees Fahr.) for at least 
280 hours. 

Fig. 3 shows diffraction from the (211), (220), (112), (310), 
(202) and (003) planes of the © phase. No diffraction could be 
found for (110) and (200) of ©, which are the two larger inter- 
planar spacings which can he calculated for the unit prism of 9. 
The planes found represent consecutive spacings in the tetragonal 
crystals of ©. Obviously, there is no zone axis common to all these 
planes, and we must assume, therefore, that they have a substantially 
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random orientation. This makes it easy to assume that diffracting 
power is, to some extent at least, a measure of the amount of mate- 
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rial present. With this assumption, Fig. 3 can be interpreted as 
showing that the © phase of the precipitate did not exist at the 
moment the specimens were first put in the furnace at 309 degrees 
Cent. (590 degrees Fahr.), but that it commenced to form at once 
at that temperature, and reached a maximum, stable, amount in about 
100 hours. But this is the length of time required for ©’ to reach 
its minimum, stable amount. 

The following picture, then, predicts the experimental facts as 
stated above. 

1. In a specimen of 25S alloy, precipitation from a solid solu- 
tion of copper in aluminum forms a crystalline material (called by 
metallurgists 9’), until an equilibrium is reached between the solid 
solution and 0’. 

2. The ©’ phase changes quickly to a compound having ran- 
domly oriented tetragonal crystals (called by metallurgists ©), until 
an equilibrium is reached. At 309 degrees Cent. (590 degrees Fahr. ) 
‘equilibrium is reached in about 100 hours. 

3. The 25S alloy, completely aged at 309 degrees Cent. (590 
degrees Fahr.), consists of three phases, (a) solid solution, (b) the 
0’ phase, (c) the © phase, all in equilibrium with each other. 

4. The © phase crystallizes in such a manner as to distort the 
(111) planes of the solid solution. 
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BRIGHT GAS QUENCHING OF S.A.E. X-4130 AND 
NE 8630 WELDED AIRCRAFT TUBES 


By Wan. LEHRER 


Abstract 


The physical properties stipulated by the AN-T-3 
specifications for normalized S.A.E. X-4130 welded air- 
craft tubing are secured in large production furnaces by 
bright gas quenching in a superfast cooling zone which 1s 
located immediately adjacent to the heating zone. The 
paper gives a brief description of the evolution of the gas 
quenching zone and of its construction and discusses in 
detail the results obtained with it. 

The attainment of the desired physical properties 1s 
controlled by the rate of quenching gas recirculation, by 
the conveyor speed and by the temperature from which 
the tubes are gas-quenched. The adjustment of these 
variables is governed primarily by the carbon content of 
the steel and by the tube wall thickness. The effect of 
the various factors involved is shown by a number of 
figures and tables. 

The physical properties are further improved by 
following the gas quenching with an accelerated aging 
treatment. The results produced by gas quenching S.A.E. 
X-4130 steel are applicable to NE 8630 steel. 


URING normal peace times and up to May 1940, the produc- 
tion of airplanes in the U.S.A. was such that all steel tubing 
required in their construction could be supplied by the Seamless 
Tube Industry. Because the German Blitzkriegs in Poland and in 
the Low Countries of Europe had demonstrated the tremendous 
importance of the airplane in modern warfare, the President of the 
United States on May 28, 1940, asked Congress in his National 
Defense Program for 50,000 planes a year. This seemingly impos- 
sible increase in the rate of aircraft production taxed the Seamless 
Steel Tube Industry beyond its maximum production facilities. The 
Welded Tube Industry stepped into the picture and in a relatively 
short time succeeded in eliminating this threatening bottleneck in 
aircraft production. 
A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. The author, Wm. Lehrer, is asso- 
ciated with the Development Department, Surface Combustion Co., Toledo, 


Ohio. Manuscript received June 19, 1943. 
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STRUCTURAL AIRCRAFT STEELS 


Steel tubing is one of the principal materials from which the 
main structural members of airplanes such as fuselage structures, 
wing beams, engine mounts, etc., are fabricated. Since lightness is a 
primary requirement in airplane construction, the tubing is made 
of high quality steels and is invariably heat treated to develop high 
physical properties. The common aircraft tubing steels are S.A.E. 
1025, X-4130, X-4135, X-4340, X-6150, and of late NE 8630. Of 
these, X-4130 or. NE 8630 is by far the most widely employed steel. 
Better than 90 per cent of the aircraft tubing structures consist of 
S.A.E. X-4130 steel which is processed by the tube mills in rounds, 
ovals, streamlined, square and rectangular shapes. 


AN-T-3 SPECIFICATIONS 


The Army-Navy specifications for aeronautical chrome-molyb- 
denum (X-4130) welded steel tubing are covered in detail by the 
AN-T-3 specifications. They list the following requirements: 


Table I 
Chemical Composition 


Phosphorus Sulphur 


Steel Carbon Manganese (Max.) (Max.) Chromium Molybdenum 
No. A Per Cent a ——“—, 


X4130 0.25-0.35 0.40-0.60 0.040 0.050 0.80-1.10 0.15-0.25 


“After the last forming operation, the tubing shall be normalized, 
stress relieved, or otherwise heat treated to develop the physical 
properties specified in Table IT.” 


FUNDAMENTAL PRINCIPLES 
Although main consideration will be given in this paper to 
bright gas quenching of welded S.A.E. X-4130 aircraft tubing, a 
brief outline of the essential fundamental principles and of the 
evolution of the gas quenching apparatus appears advisable. 


NORMALIZING OF X-4130 TuBING 


As disclosed by Table II, the AN-T-3 specifications for nor- 
malized X-4130 welded aircraft tubing are: 
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Table Il 
Physical Properties 


Yield Strength at 
Condition 0.2 Per Cent Set or at Elongation in 
and c7—Extension Indicated—, -——2 Inches——\, 

Wall Thickness Tensile Strength Extension Full Tube Strip 

( Min.) (Min.) Under Load 

Lb. Per Lb. Per Inch in (Min.) (Min.) 

Inch Sq.In. 2 Inches c—Per Cent—, 

(A) All sizes 95,000* 
(N 


) 
Up to 0.035 incl. 95,000 10 
Over 0.035 to 
0.188 incl. 95,000 ; 12 
Over 0.188 90,000 15 


oa. 
All Walls 125,000 100,000 12 
(HT-1 oo. 

All Walls 150,000 135,000 10 


Nw 
All Walls 180,000 165,000 8 
(HT-200) 

All Walls 200,000 165,000 7 


*Maximum. 








Minimum Yield Strength—75,000 pounds per square inch meas- 

ured at 0.009 inch extension in 2 inches. 

Minimum Tensile Strength—95,000 pounds per square inch. 

Minimum Elongation in 2 inches—10 to 12 per cent on the full 

tube, 5 to 7 per cent on the strip. 

“Normalizing is generally defined (1)? as a heat treatment, com- 
prising heating iron-base alloys to approximately 100 degrees Fahr. 
above the critical temperature range followed by cooling to below 
that range in still air at ordinary temperature.” 


CooLING IN Stitt AIR 


It is quite probable that the foregoing heat treatment will pro- 
duce the above physical properties on most heats of X-4130 steel as 
long as single tubes are handled or as long as the heat treating 
operation is carried out on a small scale. 

Extensive determinations made on large production continuous 
heat treating furnaces, however, have disclosed that the normalizing 
treatment executed in accordance with the above definition produces 
the specified physical properties only in few specific instances. The 
carbon content of the steel must be on the high side of the allowable 
carbon range and even then only thin wall tubing responds to cooling 
~~ She figures appearing in parentheses refer to the bibliography appended to this paper. 
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in still air. Furthermore, the production rate of the furnace has to be 
greatly reduced by suitable spacing of the tubes on the furnace con- 
veyor and by adequate conveyor speeds so as to prevent an excessive 
temperature rise of the air surrounding the tubes and thus a retarda- 
tion of the rate of cooling to a detrimental degree. 


Forcep CooLiInG 


For the average carbon analysis and for the average tube sizes 
and wall thicknesses, however, cooling in still air is inadequate for 
producing the physical properties specified for normalized S.A.E. 
X-4130 aircraft tubing. The rate of cooling must be considerably 
faster and can be secured only by forced cooling in a continuous 
stream of cold gases so arranged that the gases being heated by the 
immediate contact with the hot steel are constantly replaced by a 
fresh supply of cold gases. 


Cootinc Meprum 


It is well known that a scaled surface of the work to be cooled 
or quenched reduces the rate at which heat can be removed from 
the steel by a cooling medium ; that is, it decreases the rate of cooling 
and thus affects the physical properties. A scaled surface is con- 
ducive also to nonuniformity of the metallurgical results obtained in 
cooling or quenching. Obviously cooling in still air produces scale 
and consequently does not facilitate the attainment of the best pos- 
sible physical properties. 

The use of air as the cooling medium has another disadvantage. 
The rate of cooling of metals is to an appreciable extent dependent 
upon the heat capacity of the quenching medium applied (2). Air 
having a specific heat of 0.2374 is a comparatively slow cooling 
medium, particularly if the cooling process is carried out in still air. 

A marked improvement of the cooling rate and of the resultant 
physical properties of steel is obtained by the application of a bright 
annealing gas in place of air. Such a gas eliminates any scale or 
oxide film on the surface of the steel to be treated not only during 
the rapid cooling cycle but also during the much longer heating and 
soaking periods at elevated temperatures. The most frequently en- 
countered bright annealing gas which is produced by the partial 
combustion of a fuel gas and which contains approximately 5.0 per 
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cent CO,, 10 per cent CO, 12 per cent H, and a moisture content 
equivalent to a 40 degrees Fahr. dew point has the added advantage 
that its heat capacity is 13 per cent higher than that of air, its specific 
heat being 0.2686. Besides promoting a faster rate of cooling for 
the two reasons just outlined, the use of a bright annealing gas 
results in considerable saving of time, labor and material because no 
removal of scale is required subsequent to the heat treating operation. 

It is obvious, therefore, that a bright annealing gas as a cooling 
medium is superior to air. 

The utilization of a nonoxidizing gas as the cooling medium 
necessitates special precautions in the construction of the fast cooling 
chamber and in the handling of the gaseous cooling medium. 


EvoLuTION oF GAS QUENCHING APPARATUS 


The heat treating furnace most prevalent in the steel tube mill 
is the continuous roller hearth bright annealing furnace, since the 
roller hearth is ideally suited for continuously conveying elongated 
material such as tubes through the heating and cooling chambers. 
The heating zone of these furnaces varies in length from 17 to 60 
feet and in width from 3.5 to 6 feet, depending on the desired hourly 
rate of production. Their capacities range from 2500 pounds per 
hour to 15,000 pounds per hour for the average tube sizes handled. 
The work is invariably heated by heating elements located above and 
below the roller hearth line. Because of the application of a bright 
annealing atmosphere, the furnaces are equipped with a slow cooling 
chamber, the length of which falls within a range of from 1.25 to 2 
times the length of the heating zone and is governed by the number 
of accelerated cooling zone sections employed to bring the overall 
length of the furnace within the limits of floor space available in the 
tube mill. 


Fast CooLiINnG ZONE FOR SEAMLESS AIRCRAFT TUBES 


The fast cooling zone used for rapid cooling of the tubes is 
located immediately adjacent to the discharge end of the heating zone 
and forms one continuous work chamber with the heating zone on its 
work entering side and with the slow cooling zone on its discharge 
side. This general arrangement is illustrated by Fig. 1. The same 
protective atmosphere is maintained throughout the entire length of 
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the furnace. Whereas the work in the heating zone and in the slow 
cooling zone is surrounded by the protective gases in an almost 
quiescent condition, the gases in the fast cooling zone are forced 
against and around the work at accelerated velocities. The gases are 
withdrawn from the bottom of the zone and are pulled over a suitable 
water-cooled coil by means of a fan which delivers the cooled gases 
under pressure to a large plenum chamber located above the work. 
From the plenum chamber the gases are discharged onto the work 
and, having absorbed their quota of heat from the hot work, are 


| 
CO00000 00000 


Fig. 1—Fast Cooling Zone. 


again removed from the work cooling chamber, are cooled and re- 
turned to the plenum chamber. The atmosphere gases are thus being 
recirculated over the work to be cooled in a single pass arrangement. 
Since, as is well known, the enclosures separating the protective 
atmosphere from the ambient room atmosphere must be gas-tight in 
any controlled atmosphere furnace, it is obvious that, in view of the 
sub-atmospheric pressures created at the suction side of the recir- 
culating fan, particular care must be exercised in making the fast 
cooling zone 100 per cent gas-tight. 


PERFORMANCE OF Fast CooLING ZONE ON 
SEAMLEss AIRCRAFT TUBES 


Fast cooling zones of this type have been used in conjunction 
with continuous roller hearth furnaces for several years and on 
seamless S,A.E. X-4130 aircraft tubing have produced satisfactory 
physical properties as specified for normalized tubing. Two pre- 
cautions were essential. First, the tubes had to be spaced on the 
conveyor so as to allow the recirculated cold gases to pass between the 
tubes and to completely envelop each individual tube. Secondly, the 
carbon content of the steel had to be on the high side of the per- 
missible carbon range, that is, above 0.30 carbon. 
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A typical heating and cooling cycle obtained with this type of 
fast cooling zone is presented by the normalizing curve shown in 
Fig. 2. 

Physical properties produced on S.A.E. X-4130 seamless tubes 
by these rates of fast cooling are listed in Table III. 

The results obviously better the minimum requirements for nor- 
malized S.A.E. X-4130 seamless tubes by a good margin; they are, 
however, being secured only with a considerable sacrifice in produc- 
tion and economy. The necessary spacing of the tubes on the con- 





Temperature, 








Deieam Feet 


Fig. 2—Heat Treating Cycles Obtainable with Fast Cooling Zone and with Gas 
Quenching Zone. 


veyor reduces the hourly rate of production for normalizing to ap- 
proximately 50 per cent of that obtainable when operating the furnace 
on annealing in which case the conveyor hearth is fully loaded. 
Greater care and additional labor are required in spacing the tubes. 
Furthermore, it was in most instances found advantageous to fast 
cool from 1700 degrees Fahr. (925 degrees Cent.) instead of 1650 
degrees Fahr. (900 degrees Cent.) which lowers the efficiency of 
heating to some degree as well as contributes to a shortening of the 
life of the heat-resisting alloy employed in the heating zone. 
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Table Ill 
Physical Properties of Seamless S.A.E. X-4130 Normalized Tubes 


Yield Strength Tensile Strength Elongation 
P.S.1. Pst Cent 


Tube Size Per Cent 
¥%” O.D. x 20 ga. 88,800 119,200 19.5 
” O.D. x 20 ga. 95,300 116,500 19.5 
14%” O:D. x 18 ga. 94,800 121,800 20.3 
1%” O.D. x 17 ga. 99,600 121,700 18.7 
1” O.D. x11 ga. 89,700 107,800 24.2 


In any event, the fast cooling zone just described has successfully 
met the normalizing requirements for S.A.E. X-4130 seamless air- 
craft tubing. 


Super-Fast CooLinc ZONE FOR WELDED AIRCRAFT TUBES 


The heat treatment of welded S.A.E. X-4130 aircraft tubing 
had presented a more difficult problem. 

Welded tubes are produced from a flat-rolled steel strip formed 
by a series of rolls into a practically perfect cylinder the seam of 
which is joined by a continuous welding process. It is a well-estab- 
lished fact that the welding difficulties increase with progressively 
higher carbon contents of the steel and that alloy steels such as the 
chromium-molybdenum series further complicate the welding opera- 
tion (3). In order to assure a soundly welded seam, the carbon 
content of the steel used for welded X-4130 aircraft tubing is, there- 
fore, normally held on the low side of the permissible carbon range, 
that is, 0.30 per cent carbon or lower. 

The lower carbon content, on the other hand, makes it harder 
to secure the desired physical properties by heat treatment. Further- 
more, the degree of cold working which invariably increases the 
tensile properties is in the case of welded tubes negligible compared 
to seamless drawn tubes. The cooling rates produced by the fast 
cooling zone and giving satisfactory physical properties on seamless 
S.A.E. X-4130 aircraft tubing were found to be entirely too slow 
for welded tubing. It became necessary to resort to still faster 
rates of cooling of the heated tubes, the cooling rates being more in 
the nature of a quench. 


DESCRIPTION OF APPARATUS 


The desired result was accomplished in the super-fast cooling 
zone which is shown in Fig. 3. For the sake of ready comparison 
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the same scale applies to Fig. 3 as to Fig. 1. The super-fast cooling 
zone is again placed immediately adjacent to the discharge end of 
the heating zone but blasts the tubes, as they leave the heating cham- 
ber, from both top and bottom by large volumes of cold gases issuing 
from a series of high velocity gas nozzles. The arrangement of the 
gas nozzles, which are located above and below the work and which 
extend the full width of the hearth, necessitates a withdrawal of the 
gases from the cooling chamber through a series of outlet openings 
provided on both sides of the chamber and also placed above and 


Fig. 3—Gas Quenching Zone. 


below the hearth line. Having absorbed heat from the hot work, 
the gases are cooled by pulling them over four water cooled coils by 
means of two large recirculating fans which then deliver the cold 
gases back to the high velocity discharge gas nozzles. The side outlet 
openings as well as the gas nozzles are equipped with individual 
dampers which facilitates any desired concentration and distribution 
of the recirculated gases in the 8-foot total length of the super-fast 
cooling zone. 

The gas recirculating system consists of two separate units— 
one being placed above the work and the other one below the work. 
The construction of each unit is such that the fan suction ducts, dis- 
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charge ducts and cooling coils can readily be removed as one com- 
plete assembly for any necessary repairs. The joints between the 
removable assemblies and the stationary middle portion of the cool- 
ing chamber are made gas-tight by the use of suitable liquid seals. 


GAs RECIRCULATING CAPACITY 


The combined gas recirculating capacity of both fans is more 
than 10 times that of the fast cooling zone applied for normalizing 
seamless aircraft tubing. 

The three identical furnaces, in which the gas quenching results 
presented in this paper were secured and which have a heating zone 
4 feet wide by 50 feet long, are each provided with a maximum gas 
recirculating capacity of 22,000 cubic feet per minute. 

The resultant high rate of heat removal is obviously due to the 
rapid. circulation of the relatively cool gas. The two most vital re- 
quirements for quick gas cooling are met, and the most rapid gas 
quenching rates are thus made possible. 


Gas QuENCHING REepLAces NORMALIZING 


For the reasons just disclosed the term “Normalizing” no longer 
is applicable in the heat treatment of welded S.A.E. X-4130 aircraft 
tubing but has been replaced by “Gas Quenching”. Since the gas 
quenching medium produces a bright surface of the quenched work, 
the new heat treatment is commonly referred to a “Bright Gas 
Quenching”. The super-fast cooling zone section in which the 
drastic cooling is performed is known as: the “Gas Quenching Zone’”’.? 


FLEXIBILITY OF GAS QUENCHING ZONE 


Before going into the details of the physical properties secured 
by bright gas quenching S.A.E. X-4130 welded aircraft tubing, a few 
words appear appropriate concerning the flexibility of the gas quench- 
ing apparatus. 

A very desirable feature of any heat treating furnace is its 
adaptability to various heat treating cycles. The continuous roller 
hearth furnace employed in the tube mill covers a wide range of 


.. "The gas quenching furnaces described above are commercially available and are being 
built by the company with which the author is associated. 
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operating temperatures from a minimum of 800 degrees Fahr. (425 
degrees Cent.) to a maximum of 1800 degrees Fahr. (980 degrees 
Cent.). Thus, the same furnace is used for tempering, stress 
relieving, sub-critical annealing, full annealing, normalizing and gas 
quenching. To maintain the high standard of this universal tube mill 
furnace, the control of the heating had to be matched by an equally 
flexible control of the cooling rates. 

For this reason two master dampers are placed in the main path 
of the recirculated gases, one damper in the top system and the 
second one in the bottom system. They allow a ready adjustment 
of the volume of the recirculated gases to suit the different heat 
treatments to be performed. It will be shown in a later section 
that a control of the rate of gas recirculation is necessary also in gas 
quenching tubes of varying sizes and wall thicknesses. 

The difference in the rate of cooling obtained is illustrated by 
Fig. 2. 

With the dampers in the closed position the rate of cooling is 
sufficiently slow to produce a full anneal as is shown by Table IV. 


Table IV 


Softness of Various Annealed Steels in Terms of Rockwell B Scale 
Annealing Temperature: 1550 Degrees Fahr. 


wa S.A. EE. 

Type of Steel 1020 1025 
Rockwell Before Annealing 76-80 76-78 
Rockwell After Annealing 60-63 71-73 
Rockwell 65-75 70-80 


Tensile tests were made on the S.A.E. 1025 steel tubes only 
with the following results: 
Yield Strength: 44,000 to 47,000 pounds per square inch 


Ultimate Tensile Strength: 64,000 to 68,000 pounds per square inch 
Elongation : 35.5 to 37.5 per cent 


The physical properties secured with the dampers in a partly 
open or in a fully open position are given in the following sections. 


PERFORMANCE OF GAS QUENCHING ZONE 


The AN-T-3 specifications for “normalized” X-4130 welded 
aircraft tubing are readily met by bright gas quenching. The attain- 
ment of the desired results is not hampered by special precautions in 
tending the furnace. The conveyor is fully loaded across its width 
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and length. The conveyor speeds for the different tube sizes are at 
least equal to and in many instances faster than the speeds required 
for annealing. 

In the furnace equipped with the small fast cooling zone, the 
work has to be run through the furnace at reduced speeds to allow 
adequate cooling time. Therefore, the hourly production rate of the 
furnace when operating on normalizing is limited by the cooling” 
capacity of the fast cooling zone. The gas quenching zone having 
a tremendous cooling capacity has completely eliminated any produc- 
tion restrictions from this source. The tubes are conveyed through 
the furnace at approximately twice the speed formerly possible with 
the small fast cooling zone. The increased conveyor speed and the 
above mentioned full loading of the conveyor account for the high 
rates of production obtained when bright gas quenching. 


PRODUCTION LIMITATIONS 


However, there are three noteworthy limitations. 

1. Soaking Time—The first one concerns the heating operation. 
Compared to seamless drawn tubes, welded tubes have very little 
cald working prior to the final heat treatment. Consequently, a 
longer soaking period has to be allowed in the heating zone (4). 
As a rule, about one-third of the length of the heating zone is utilized 
for soaking whenever the furnace is operating on a gas quenching 
cycle. 

2. Quenching Time—Secondly, the time in the gas quench is as 
important asthe time at maximum heat treating temperature. Cer- 
tain fundamental principles underlie all forced cooling. Heat can 
be removed from a solid object only by dissipation from its surface. 
By maintaining the surface at substantially the same temperature as 
the cooling medium, the cooling time is reduced to a minimum; the 
rate of cooling then depends entirely on the thermal conductivity of 
the metal to be cooled. It is obvious, then, that the time in the 
quench must be sufficiently long to allow the heat from the center of 
the object to flow to the cooled surface and that the quenching time 
is a function of the thickness of the object (5). 

3. Loading of Tubes—Finally in order to secure uniform re- 
sults, the tubes must be loaded on the conveyor in a single layer. 
This method of loading is conducive to uniformity not only in 
quenching but also in heating; it is for this reason desirable for all 
various heat treating operations performed in the furnace. 
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Rate oF GAs QUENCHING 


In spite of the above precautions, the gas quenching zone of a 
4-foot effective width is capable of bright gas quenching at a con- 
tinuous rate 4500 to 5000 pounds per hour of X-4130 welded aircraft 
tubing from 1650 degrees Fahr. (900 degrees Cent.) to black heat in 
less than 1 minute. The actual quenching time depends on the rate 
of gas recirculation and on the conveyor speed which in turn is 
governed by the tube size and wall thickness. Tubes having a wall 
thickness of 0.049 inch are gas-quenched from 1650 degrees Fahr. 
(900 degrees Cent.) to black heat in 30 seconds. Lighter gage 
tubes require a shorter quenching time and heavier gage tubes a 
longer quenching time. 
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Fig. 4—Calibration of Main Dampers. 


DiscussION OF RESULTS 
The following sections deal with the results obtained by gas 
quenching and with the effect of the various factors involved on the 
physical properties of S.A.E. X-4130 welded tubes. These factors 
are rate of gas recirculation, conveyor speed, temperature and carbon 
content of the steel. 
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RATE oF GAS RECIRCULATION 


As mentioned above, master dampers are provided in the two 
gas recirculating systems for adjusting the rate of gas recirculation. 
The volume of recirculated gases can thus be varied at will and since 
the port area of the high velocity gas discharge nozzles is fixed after 
some preliminary tests, the velocity of the gases striking the work is 
adjustable. 
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Fig. 5—Effect of Recirculated Gas Volume on 
Physical Properties of S.A.E. X 4130 Steel Tubes. 
Carbon Content of Steel 0.29 Per Cent. Conveyor 
Speed Constant 6 Feet Per Minute. Gas Quench 
Furnace Temperature 1650 Degrees Fahr. 

1. Calibration of Master Dampers—lIt is, of course, extremely 
important that the arrangement of the dampers is practicable for 
duplication of exactly the same damper settings in order to assure 
reproduction of the same physical properties of the work treated. 
The use of damper quadrants which are divided into a number of 
equal spaces and which are equipped with suitable locking devices 
readily facilitates such duplication of results. The calibration of the 
damper quadrants is presented by Fig. 4 which discloses the change 
of the recirculated gas volume, given in per cent of the maximum 
provided capacity, for various damper settings. The figure shows 
that with the dampers in the closed position a small volume of gases 
is still being recirculated which is due to intentional leakage around 
the dampers and which is necessary for preventing the structural 
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members of the gas quenching zone from becoming damaged by 
overheating at any time. This leakage is not of such magnitude 
that it impairs the desired softness of the tubes when operating the 
furnace on an annealing cycle, as is proven by the Rockwell readings 
listed in Table IV. 

2. Individual Dampers—The individual dampers provided for 
each gas inlet nozzle and for each gas outlet port are not_ being 
utilized for varying the recirculated gas volumes or the gas velocities. 
Although some beneficial effect might be gained by their adjustment 
for different tube sizes and wall thicknesses, simplicity of furnace 
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Fig. 6—Effect of Recirculated Gas Vol- 
ume on Physical Properties of S.A.E. X 4130 
Steel Tubes. Carbon Content of Steel 0.29 
Per Cent. Conveyor Speed Constant 6 Feet 
Per Minute. Gas Quench Furnace Tempera- 
ture 1650 Degrees Fahr.; Aging Furnace 
Temperature 600 Degrees Fahr. 










operation has dictated a fixed setting of these individual dampers. 
They are essential nevertheless for proper balancing the atmosphere 
within the furnace and with respect to the ambient room atmosphere. 
By a series of preliminary tests and by actual operating experience it 
has been found that an optimum average operating condition suitable 
for all tube sizes run through the furnace is secured by concentrating 
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the entire gas recirculation over the first half of the gas quenching 
zone immediately adjacent to the heating zone. 

3. Effect of Gas Recirculation Rate on Physical Properties— 
The two factors controlling the necessary adjustment of the rate of 
the recirculated gas flow appear self-explanatory. First, the higher 
the physical properties desired, the faster has to be the cooling rate ; 
that is, the dampers must be opened to allow a greater volume 
of recirculated gases. The effect of the rate of the gas recirculation 
on the physical properties of welded X-4130 aircraft tubes is illus- 
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Fig. 7—Effect of Recirculated 
Gas Volume on Physical Properties 
of S.A.E. X 4130 Steel Tubes. Car- 
bon Content of Steel 0.35 Per Cent. 
Conveyor Speed Constant 3 Feet Per 
Minute. Gas Quenching Furnace 
Temperature 1700 Degrees Fahr.; 
Aging Furnace Temperature 600 De- 
grees Fahr. 


trated by Figs. 5, 6, 7 and 8. All four figures which present the 
results of tests conducted on four different tube sizes under actual 
production conditions disclose the same general pattern; the yield 
strength and the tensile strength rise and the elongation decreases 
with increasing rates of gas recirculation. The specified minimum 
physical properties are exceeded by a safe margin which obviously is 
desirable from the standpoint of production since some variations 
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are to be expected due to unavoidable differences in the analysis of 
the various heats of steel obtained from the steel mill. 

4. Recirculating Gas Volume Requirements for Various Tube 
Wall Thicknesses—A comparison of the four Figs. 5, 6, 7 and 8 
discloses also the differences in the range of the recirculated gas 
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Fig. 8—Effect of Recirculated Gas Volume 


on Physical Properties of S.A.E. X 4130 Steel 

Tubes. Carbon Content of Steel 0.29 Per Cent. 

Conveyor Speed Constant 2.5 Feet Per Minute. 

Gas Quench Furnace Temperature 1700 Degrees 

Fahr.; Aging Furnace Temperature 600 Degrees 

Fahr. 
volumes required for the various wall thicknesses of the tubes. This 
is the second vital consideration in the control of the rate of gas 
recirculation. Very thin tube walls cool rapidly by radiation alone 
since the entire enclosure of the gas quenching zone is substantially at 
room temperature (6). As the tube wall becomes heavier, more 
forced cooling by means of a cooling medium has to be applied. 
Figs. 5 and 6 show, for instance, that on 0.035-inch tube wall the 
desired physical properties are secured with less than 50 per cent of 
the total available gas recirculation capacity, whereas a 0.068-inch 
wall thickness (Fig. 7) requires about 75 per cent of the maximum 
recirculating capacity and still heavier tubes a correspondingly higher 
recirculation. 

The physical properties produced on tubes of different wall 

thickness by a constant rate of gas recirculation are illustrated by 


Fig. 9. In order to obtain the same physical properties on all tube 
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wall thicknesses, it is obviously necessary to increase the gas recir- 
culation for the heavier walls. 

The rates of gas recirculation normally applied in actual produc- 
tion to the various tube wall thicknesses are plotted on Fig. 10 which 
clearly shows the requirements in this respect. 


CoNVEYOR SPEED 


Of equal importance in the attainment of the physical properties 
is the length of time the tubes remain in the gas quenching zone. 
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Fig. 9—Change of Physical Prop- 
erties of S.A.E. X 4130 Steel Tubes of 
Various Wall Thicknesses for Constant 
Gas Recirculation. Rate of Gas Recircu- 
lation 70 Per Cent of Maximum Avail- 
able Capacity. 


Since tubes of any particular size travel through the continuous fur- 
nace at a constant rate, the time in the gas quench is governed by the 
conveyor speed. 

1. Conveyor Speed Proportional to Tube Wall Thickness—lIt 
has already been pointed out that even though the surface of the 
tubes is cooled to substantially the same temperature as the gas 
quenching medium which is made possible by the high rates of gas 
recirculation, the tubes must be held in the blast of cold gases suffi- 
ciently long to permit the heat from the center of the tube to be con- 
ducted to the chilled surface. The quenching time, that is, the 
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conveyor speed, is, consequently, dependent on the wall thickness 
of the tube. 

2. Thermal Conductivity of Tubes—The thermal conductivity 
of the metal plays a significant part in the continuous bright gas 
quenching of tubes for another reason also. As the tubes leave the 
heating zone and enter the gas quenching zone, the leading end of the 
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Fig. 10—Normal Rates of Gas Re- 
circulation and Normal Conveyor Speeds 
for Various Tube Wall Thicknesses. 


tube is cooled while the trailing end is still at maximum furnace 
temperature. There is, therefore, a considerable flow of heat’ by 
conductivity from the hot portion of the tube to the cooled portion. 
It is apparent that the heavier the tube wall, the more heat is con- 
ducted lengthwise to the tube. 

3. Limitation of Conveyor Speeds—The conveyor speeds em- 
ployed in the test runs which are presented by Figs. 5, 6, 7 and 8 are 
given in the respective titles. For the sake of convenience, the cori- 
veyor speeds normally used in actual production are shown graph- 
ically in Fig. 10. As can be seen, the conveyor speed is a straight 
line function of the tube wall thickness, the highest speeds being 
applicable to the lightest tube walls. Faster speeds than those shown 
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in Fig. 10 are possible by increasing the rates of gas recirculation ; 
however, conveyor speeds in excess of 6 feet per minute were found 
to be impractical because of the difficulties experienced in keeping 
the conveyor loaded, particularly when handling small diameter tubes 
or tubes, of short length. 

The effect of the conveyor speed on the physical properties of 
two welded X-4130 welded tubes of heavy wall thickness under con- 
stant gas recirculating conditions are plotted in Fig. 11. The curves 
indicate that higher yield and tensile strengths could have been ob- 
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Fig. 11—Effect of Conveyor Speed 
on Physical Properties of SAE. X 4130 
Steel Tubes. Rate of Gas Recirculation 
Constant 80 Per Cent of Maximum 
Available Capacity. 


tained at conveyor speeds slower than 2 feet per minute which was 
the lowest speed possible at the time the tests were conducted. 


TEMPERATURE OF GAS QUENCHING FURNACE 


For gas quenching, welded S.A.E. X-4130 tubes are as a general 
rule heated and soaked in the heating chamber at a temperature of 
1650 degrees Fahr. (900 degrees Cent.). This temperature is ade- 
quate for producing the desired physical properties on the most com- 
mon welded tube sizes which range from 3% to 2 inches in diameter 
and from No. 22 gage (0.028 inch) to No. 16 gage (0.065 inch) 
in wall thickness. 
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1. 1700 Degrees Fahr. for Heavy Wall Tubes—For heavier 
wall tubes, on the other hand, it was found advantageous and_ in 
some cases even necessary to heat the tubes to 1700 degrees Fahr. 
(925 degrees Cent.). The reason for this higher temperature be- 
comes apparent when giving consideration to the following condi- 
tions existing in the furnace. 

The gas quenching zone is of necessity placed immediately ad- 
jacent to the discharge end of the heating zone. Since the gas 
quenching zone is at substantially room temperature and since a 
definite minimum opening is required between the heating chamber 





Table V 
Physical Properties Obtained at 1650 and at 1700 Degrees Fahr. Furnace Temperature 
Conveyor Yield Tensile 

Furnace Temp. Tube Size Speed Strength Strength Elongation 

Degrees Fahr. O.D. x Wall Ft. Per Min. -————P.S.I.—_——_, Per Cent 
1650 1%” x 0.077” 2.5 70,000 110,000 18.0* 
1700 1%” x 0.077” 2.5 77,900 113,900 13.3* 
1650 14” x U.077” 2.0 76,200 112,000 14.8* 
1700 13%4” x 0.077” 2.0 83,000 121,200 $3.5° 
1650 %” x 0.095” 3.0 74,400 103,300 23.07 
1700 %” x 0.095” 3.0 79,500 109,700 21.5f 
1650 %” x 0.095” 2.0 76,100 105,000 22.6T 
1700 %” x 0.095” 2.0 84,800 107,200 21.07 


*Tested on Strip 
TTested on Full Tube. 








and the quenching chamber so as to facilitate the continuous travel 
of the tubes through the furnace, a considerable portion of heat is 
lost by radiation from the discharge end of the heating zone. This 
obviously results in an unavoidable temperature drop or gradient in 
the last few feet of the heating zone. 

In order to offset as much as possible the heat loss at this vital 
point in the furnace, additional heating elements are being utilized 
and a refractory-lined door is provided for separating the heating 
zone from the quenching zone. The door opening is adjustable so 
as to reduce to a minimum the height of the opening and thus the 
heat loss by radiation. 

As has been outlined in the last section, the conveyor speed has 
to be lowered for heavier wall tubes. The reduction of the conveyor 
speed reaches a point where the tubes cool slowly in the discharge 
end of the heating zone and, before reaching the blast of cold gases, 
may drop to a temperature too low for proper quenching. These 
adverse temperature conditions are overcome by raising the furnace 





1944 WELDED AIRCRAFT TUBES 311 


temperature to 1700 degrees Fahr. (925 degrees Cent.) or even 
somewhat higher, if necessary. 

2. 1650 Degrees Fahr. for Medium and Light Gage Tubes— 
When gas quenching light and medium wall welded tubes, the con- 
veyor speed is sufficiently fast to prevent the tube temperature from 
dropping to a detrimental degree before the tubes are struck by and 
quenched by the cold recirculated gases. As a matter of fact, it has 
been observed that the fast traveling medium and light gage tubes 
actually aid in maintaining the desired 1650 degrees Fahr. tempera- 


Fig. 12—Structure of Gas Quenched S.A.E. X 4130 Steel Tube of 0.29 Per Cent 
Carbon Content. xX 500. 


ture at the discharge end of the furnace. The tubes are, therefore, 
gas-quenched from the proper temperature and the specified physical 
properties are secured without any difficulties. 

The results obtained on two heavy wall tube sizes before and 
after raising the furnace temperature from 1650 to 1700 degrees 
Fahr. (900 to 925 degrees Cent.) are listed in Table V. 


Carson ConTEeNT oF X-4130 STEEL 
The three preceding sections dealt with the outstanding factors 


in the operation of the furnace which have a decided influence on 
the physical results produced. The most vital single factor control- 
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ling the physical properties of the tubes unquestionably is the com- 
position of the steel itself used in making the tubes and, in this 
respect, the carbon content of the steel.is of prime importance. 

Table I shows the permissible carbon range of S.A.E. X-4130 
steel which varies from 0.25 to 0.35 per cent carbon. It has already 
been pointed out that with the carbon content on the low side the 
attainment of the specified physical properties is more difficult where- 
as steels in the upper carbon range are heat treated with comparative 
ease. The effect of the carbon content on the weldability of the 





Fig. 13—Structure of Gas-Quenched S.A.E. X 4130 Steel Tube of 0.35 Per Cent 
Carbon Content. xX 500. 


steel, on the other hand, has been mentioned also in an earlier sec- 
tion. As a general rule, welded S.A.E. X-4130 aircraft tubes are 
produced from steels having an average carbon content of between 
0.28 to 0.30 per cent. Most of the test results presented in this 
paper on physical properties as well as the furnace operating data 
concerning rates of gas recirculation, conveyor speed and tempera- 
ture hold good for these carbon percentages. 

Some modifications are being introduced, however, by carbon 
contents deviating from the above percentages. Fig. 7, for instance, 
shows the physical properties obtained on a 0.35 carbon steel. The 
high yield and tensile strengths are obviously the result of the higher 
carbon, content of the heat of steel available for the particular tube 
size used in these tests. 
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Photomicrographs representing the structure of the above S.A.E. 
X-4130 steel tube of 0.29 carbon content and also the structure of a 
0.35 carbon S.A.E. X-4130 tube, both in their gas-quenched condi- 
tion, are shown in Figs. 12 and 13, respectively. A comparison of 
the two Structures discloses a pronounced difference, the gas-quenched 





Table VI 


Physical Properties of Seamless Drawn X-4130 Steel Tube Obtained for Various 
Carbon Contents of the Steel 









Tensile 


Yield 


Per Cent Tube Size Strength Strength Elongation 

Carbon O.D. x Ga. poe PS > Per Cent 
0.231 1%” x No. 20 77,200 127,600 27 
0.245 1” <= Ne. 22 80,500 129,000 18 








1%” x No. 20 90,100 140,500 12 





























structure of the higher carbon steel approaching more closely the 
structure secured by conventional liquid quenching followed by 
tempering. 

The effect of the carbon content of the X-4130 steel tubes on 
the physical properties appears evident; the lower the carbon, the 
more drastic must be the gas quench, that is, the greater must be 
the rate of gas recirculation. Similar considerations are to be given 
to the adjustment of the other factors in the furnace operation which 
influence the physical properties such as conveyor speed and tem- 
perature. 

Since all tests presented in this paper were conducted on pro- 
duction furnaces in full operation, it was impossible to secure addi- 
tional data in sufficient quantity which would have shown in greater 
detail the relationship between the carbon content of welded X-4130 
steel tube and the physical properties obtained. Considerable infor- 
mation had been gathered, however, in this respect on» seamless 
drawn X-4130 aircraft tubes. Even though the latter tests were 
carried out in a continuous roller furnace equipped with the old 
single pass fast cooling zone in which the specified physical properties 
could be produced only under favorable conditions as has been out- 
lined in the section on the “Performance of the Fast Cooling Zone,” 
the test data on the seamless drawn tube is listed here in 
Table VI. They show the effect of the carbon content of the 
steel on the physical properties of seamless drawn tubes and indicate 
the general trend to be expected in this respect in case of welded 
X-4130 aircraft tubes. 
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AGING oF X-4130 Gas-QUENCHED TUBES 


The bright gas quenching of welded X-4130 aircraft tubes is 
usually followed by an aging treatment. Aging of steel manifests 
itself as a change in the physical properties and is caused by pre- 
cipitation of the solute which has been retained in supersaturated 
solution by very rapid cooling. It takes place slowly at room tem- 
perature but can be accelerated to a considerable degree by raising 
the temperature to within the tempering color range of steel (7). 

From the test data presented in the previous sections it 1s 
apparent that the physical properties stipulated by the AN-T-3 
specifications for S.A.E. X-4130 welded aircraft tubing can be met 
by gas quenching in the super-fast cooling zone without any further 
treatment. In the first continuous roller hearth furnace applied to 
gas quenching of welded S.A.E. X-4130 tubing, the same single 
pass fast cooling zone which produced satisfactory results on seam- 
less drawn S.A.E. X-4130 tubes was utilized. The physical proper- 
ties obtained were below the specified limits. They were raised, 
however, to within the specifications by aging the tubes at 800 degrees 
Fahr. (425 degrees Cent.) in a separate aging furnace. 


DESCRIPTION AND ARRANGEMENT OF AGING FURNACE 


The latter is a forced convection heating furnace such as is 
conventionally employed for low temperature drawing operations. 
The products of combustion generated in one or two individual direct 
fired' heaters are recirculated throughout the entire length of the 
work heating chamber. The aging furnace is as a rule placed in 
straight line with the gas quenching furnace and for this reason is 
equipped’ with a roller hearth conveyor also. Both furnaces are 
separated by a power driven roller table of such length as to accom- 
modate the maximum length of tube to be heat treated. This ar- 
rangement of the aging furnace with respect to the gas quenching 
furnace eliminates any additional handling of the tubes which are 
placed on the charge table in front of the high temperature furnace 
and are unloaded from the discharge table at the outlet of the aging 
furnace. The two furnaces have separate drive stations so as to 
facilitate the same or different conveyor speeds in both units, 

Being direct fired, the aging furnace produces a blue temper 
colored surface on the aged tubes. This surface film of oxidation 
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Table VII 


Physical Properties of Welded S.A.E. X-4130 Tubes Gas-Quenched in Super Fast 
Cooling Zone Before and After Aging 






































Gas Quench Furnace Temperature: 1650 Degrees Fahr. 
Aging Furnace Temperature: 800 Degrees Fahr. 


c—— Before Aging ——_, r-—— After Aging——, 
Yield Tensile Yield Tensile 
Tube Size Strength Strength Elongation Strength Strength Elongation 
O.D. x Gauge o——P.S.I.—————__ Per Cent ——P.S.I.——-_ Per Cent 
%” x No. 22 79,600 156,000 24 101,000 136,000 17 
1” x No. 20 81,500 146,000 23 95,000 128,000 15 
1” xNo. 18 75,500 138,000 28 94,500 130,000 20 
%” x No. 16 79,000 143,000 23 96,000 131,000 18 


1%” x No. 16 





76,000 139,000 28 90,000 127,000 28 




















Physical Properties «f Welded X-4130 Aircraft Tubes Bright Gas-Quenched and Aged 
at Normal Production Rates of 5000 Pounds Per Hour 


cW—Wall Thickness—, Yield Tensile 


Tube Dia. Decl. Strength Strength Elongation 
Inches, O.D. Gauge Inches m——P.S.I.—_——————,. (On Full Tube) 
M 22 0.028 101,000 136,000 17 
1% 20 0.035 102,000 137,000 15 
1 20 0.035 92,500 127,000 21 
% 20 0.035 94,600 130,200 15.5 
U% 20 0.035 94,000 125,000 14 
% 20 0.035 96,000 132,000 19 
iy 20 0.035 95,800 131,000 13.5 
x% 20 0.035 92,000 122,700 12 
1% 18 0.049 93,000 127,000 20 
% 18 0.049 92,000 125,000 20 
1% 17 0.058 90,000 124,000 19 
% 17 0.058 99,800 134,000 15 
1% 16 0.063 90,000 127,000 22 
% 16 0.065 94,000 131,000 18 
1% <n 0.068 87,600 141,000 22.7 
1% éé 0.077 82,700 120,800 13.8 
2 13 0.095 86,200 107,500 11%* 
% 13 0.095 85,500 108,G00 21% 


*Tested on the strip. 





has not been found objectionable in the further processing of the 
tubes but is by many considered advantageous because it forms a 
protective coating against rusting. 


AGING EFrrect AT Room TEMPERATURE 








The effect of aging at room temperature has been observed on 
many occasions in the heat treatment of welded S.A.E. X-4130 tubes. 
Test samples pulled of the same tube immediately after gas quench- 
ing and after a 24-hour period normally showed a difference of be- 
tween 2000 and 4000 pounds per square inch in the yield strength in 
favor of the aged tube. 
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the temperature to within the tempering color range of steel (7). 

rom the test data presented in the previous sections it 1s 
apparent that the physical properties stipulated by the AN-T-3 
specifications for S.A.E. X-4130 welded aircraft tubing can be met 
vy gas quenching im the super-fast cooling zone without any turther 
treatment. In the first continuous roller hearth furnace applied to 
gas quenching of welded S.A.E. X-4130 tubing, the same single 
pass fast cooling zone which produced satisfactory results on seam- 
less drawn S.A.E. X-4130 tubes was utilized. The physical proper- 
ties obtained were below the specified limits. They were raised, 
however, to within the specifications by aging the tubes at 800 degrees 
Fahr. (425 degrees Cent.) in a separate aging furnace. 


DESCRIPTION AND ARRANGEMENT OF AGING FURNACE 
The latter is a forced convection heating furnace such as is 
conventionally employed for low temperature drawing operations. 
The products of combustion generated in one or two individual direct 
fired heaters are recirculated throughout the entire length of the 
work heating chamber. The aging furnace is as a rule placed in 
straight line with the gas quenching furnace and for this reason is 
equipped with a roller hearth conveyor also. Both furnaces are 
separated by a power driven roller table of such length as to accom- 
modate the maximum length of tube to be heat treated. This ar- 
rangement of the aging furnace with respect to the gas quenching 
furnace eliminates any additional handling of the tubes which are 
placed on the charge table in front of the high temperature furnace 
and are unloaded from the discharge table at the outlet of the aging 
furnace. The two furnaces have separate drive stations so as to 

facilitate the same or different conveyor speeds in both units. 
Being direct fired, the aging furnace produces a blue temper 
colored surface on the aged tubes. This surface film of oxidation 
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Table VIII 


Physical Properties «f Weided X-4130 Aircraft Tubes Bright Gas-Quenched and Aged 
at Normal Production Rates of 5000 Pounds Per Hour 


-—-Wall Thickness Yield Tensile 
Tube Dia Dec! Strength Strength Elongation 
Inches, O.D. Gauge Inches —_————P S.I._——— (On Full Tube) 

ve 22 0.028 101,000 136,000 17 
1% 20 0.035 102,000 137,000 15 
1 20 0.035 92,500 127,000 21 

4 20 0.035 94,600 130.200 15.5 

M% 20 0.035 94,000 125.000 14 

Sg 20 0.035 96.000 132,000 19 

\ 20 0.035 95.800 131,000 13.5 

4 20 0.035 92,000 122,700 12 
1% 18 0.049 93.000 127,000 20 

V4 18 0.049 92.000 125,000 20 
1% 17 0.058 90.000 124,000 19 

Vk 17 0.058 99,800 134,000 15 
1% 16 0.063 90,000 127,000 22 

% 16 0.065 94,000 131,000 18 
ly a 0.068 87,600 141,000 Bast 
1% bea 0.077 82,700 120,800 13.8 
2 13 0.095 86,200 107,500 11%* 
% 13 0.095 85,500 108,000 21% 


*Tested on the strip. 


has not been found objectionable in the further processing of the 
tubes but is by many considered advantageous because it forms a 
protective coating against rusting. 


AGING EFFECT AT Room TEMPERATURE 


The effect of aging at room temperature has been observed on 
many occasions in the heat treatment of welded S.A.E. X-4130 tubes. 
Test samples pulled of the same tube immediately after gas quench- 
ing and after a 24-hour period normally showed a difference of be- 
tween 2000 and 4000 pounds per square inch in the yield strength in 
favor of the aged tube. 
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ACCELERATED AGING 


The increase in yield strength becomes considerably higher by 
subjecting the gas-quenched tubes to the accelerated aging treatment 
in the aging furnace. Figs. 6, 7 and 8 present graphically the phys- 
ical properties obtained on three different sizes of S.A.E. X-4130 
tubes before and after aging. A comparison between these three 
figures discloses that the increase in yield strength due to aging is 
more pronounced on the lighter gage tubes than on the heavier 
gage tubes, indicating that the aging effect depends to a large degree 
upon the rapidity of the gas quenching. Unquestionably, the results 
secured by aging are influenced also by the chemical composition of 
the steel. Aside from invariably showing an increase in yield strength 
due to the accelerated aging treatment, the test data plotted in Figs. 
6, 7 and 8 did not allow definite conclusions regarding the effect of 
the aging on the tensile strength and on the elongation. These tests 
had been run primarily to determine the relationship between the 
physical properties and the rate of gas recirculation in the gas quench- 
ing zone. 


RESULTS OF ACCELERATED AGING 


A special series of tests was conducted, therefore, on various 
sizes of tubes to clarify the effect of aging on the physical properties 
of gas-quenched S.A.E. X-4130 aircraft tubes. The results of the 
latter tests are listed in Table VII. 

From the test data tabulated above, the following conclusions 
may be drawn: 

1. Accelerated aging increased the yield strength of gas-quenched 
S.A.E. X-4130 welded tubes by more than 10,000 pounds 
per square inch. 

2. Accelerated aging lowers the tensile strength by more than 
10,000 pounds per square inch. 

3. Accelerated aging decreases the elongation by an average of 
5 per cent. 

Even though the specified physical properties can be secured 
by the gas quenching treatment alone in the super-fast cooling zone, 
the effect of the accelerated aging is beneficial to such a degree that it 
warrants the use of an aging furnace on all welded S.A.E. X-4130 
aircraft tubes. 
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Table 1X 
Chemical Composition 


Manga- Phos- Chro- Molyb- 








Steel Carbon nese Sulphur phorus Silicon mium Nickel denum 
No. a Per Cont 
X-4130 0.32 0.53 0.028 0.014 ee 0.92 ane 0.18 
NE 8630 0.29 0.71 0.020 0.019 0.25 0.50 0.59 0.20 
Table X 


Comparison of Physical Properties of S.A.E. X-4130 and NE 8630 Welded Tubes 


———S..A.E. X-4130 ————_. ——————_NE_ 8630 ———___, 


Yield Tensile Yield Tensile 
Tube Strength Strength Elongation Strength Strength Elongation 
oO. cP. S.I1.—_————~ Per Cent —_P.S.I.—_———“~ Per Cent 
1 96,400 144,000 15.0 96,400 138,400 14.0 
2 98,700 149,200 15.0 87,300 137,200 15.0 
3 85,000 149,600 15.0 90,500 135,200 16.5 
4 90,900 142,500 16.0 86,500 136,400 15.0 
5 86,500 141,000 16.0 87,500 137,600 13.0 


Average 91,500 145,000 15.40 89,650 137,000 14.70 


TABULATION OF AVERAGE PHYSICAL PROPERTIES PRODUCED BY 
Gas QUENCHING AND AGING 


A complete tabulation of the average physical properties obtained 
in normal production on various tube sizes by gas quenching and 
aging is given in Table VIII. These results disclose a progressive 
decrease of the yield and tensile strengths as the tube wall thickness 
increases but in all cases the physical properties are well above the 
low limits stipulated by the AN-T-3 specifications. 


NE 8630 Versus X-4130 


The tests presented in this paper were conducted during the fall 
of last year and during the early months of the present year, when 
an ample supply of S.A.E. X-4130 steel was available. At the time 
of this writing, however, S.A.E. X-4130 steel is no longer being 
produced by the steel mills but is being replaced by the National 
Emergency Steel NE 8630. It thus appears safe to anticipate that, 
at the time of presentation of the paper, NE 8630 steel will be used 
exclusively in place of X-4130 steel. 


COMPARISON OF PHYSICAL PROPERTIES OF BotH STEELS 


A comparison of the physical properties of both types of steel 
tubes obtained by bright gas quenching in the super-fast cooling zone 
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is, therefore, of paramount interest and importance. A production 
test run was made on both steels under practically identical conditions. 
The tube sizes were the same, namely, 0.50 inch O.D. by 0.034 inch 
tube wall thickness. The temperature from which both steel tubes 
were gas-quenched was 1650 degrees Fahr. (900 degrees Cent.) and 
the aging temperature was held constant at 600 degrees Fahr. (315 
degrees Cent.). The conveyor speeds were 5 feet per minute through 
the gas quenching furnace and 5.5 feet per minute through the aging 
furnace. The composition of both steels used in these tests is given 
in Table IX. 

Five tubes were picked out at random from each production run ; 
their physical properties are compiled in Table X. 

The table shows a somewhat higher average yield and tensile 
strength for the S.A.E. X-4130 steel than for the NE 8630 steel. 
Two factors account for this difference. First, the carbon content 
of the S.A.E. X-4130 steel was slightly higher than that of the NE 
8630 steel. Secondly, the rate of gas recirculation in the gas quench- 
ing zone was somewhat greater for the former steel than for the 
latter. 63 per cent of the maximum available gas recirculating 
capacity was used in the first test as compared to 55 per cent in the 
case of the National Emergency Steel. 

Taking into consideration these two factors, it must be concluded 
that, for all practical purposes, the NE 8630°steel is capable of de- 
veloping the same physical properties upon gas quenching as the 
S.A.E. X-4130 steel and that the heat treatment involved in gas 
quenching and in aging is identical for both types of steel. 


SUMMARY AND CONCLUSIONS 


The foregoing data justify the following conclusions: 

1. Bright gas quenching in the super-fast cooling zone makes it 
possible to meet the AN-T-3 specifications for the physical 
properties of welded S.A.E. X-4130 aircraft tubing on a 
large production scale. 

2. The physical properties are controlled by the rate of gas 
recirculation, by the conveyor speed and by the temperature 
from which the tubes are gas quenched. 

3. The adjustment of the above variables in the furnace opera- 
tion is governed by the carbon content of the steel and by 
the tube size, particularly by the wall thickness of the tubes. 
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4. Accelerated aging of the gas quenched tubes has an additional 
beneficial effect on the physical properties of the heat treated 
welded aircraft tubes. 


cn 


Gas quenching allows the tubes to be welded to finish size 
and thus eliminates any cold drawing either for sizing or for 
attainment of the desired physical properties. 

6. The application of a bright annealing atmosphere as the gas 
quenching medium increases the rate of cooling and, at the 
same time, makes unnecessary any cleaning or pickling of the 
heat treated tubes. 

7. Main dampers provided in the path of the recirculated cooling 
gases facilitate the use of the same furnace for process or 
for finish annealing of other classes of tubes. 

8. Welded NE 8630 aircraft tubes develop the same physical 

properties upon gas quenching as welded S.A.E. X-4130 

tubes. 
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DISCUSSION 


Written Discussion: By Armand DiGiulio, head, Research Division, 
Bundy Tubing Company, Detroit. 

The author should be congratulated for presenting informative data on welded 
steel tubing. There are, however, several points which need to be clarified. 

From the discussion of Spec. AN-T-3 on page 291 and again on page 297, 
the impression may be gained that tubes, to meet condition N requirements, must 
be “normalized”. If we use the term as defined in A.S.M. Handbook, 1939, page 
4, we see that this is not the case. The Spec. AN-T-3 establishes a minimum 
value for mechanical properties to be produced by any one of the methods listed 
in paragraph E-2 of the specification as reported on page 291 of this paper. 

It is mentioned on page 315 that a change in yield strength, “aging”, has been 
observed on welded X-4130 tubes within 24 hours after gas quenching. No data 
is presented to support this statement and the literature does not reveal any similar 
occurrence on X-4130 heat treated the conventional way. It would be desirable 
to have the author present data to support his statement. 

The author refers to the low temperature treatment to which the tubes are 
subjected after gas quenching as “accelerated aging” and the conclusions are 
drawn that accelerated aging increases yield strength, and decreases tensile 
strength and percentage elongation. In our plant, we found that the low tem- 
perature treatment results in an increase in yield strength and elongation and a 
decrease in tensile strength and hardness. The increase in elongation and the 
lowering of tensile strength is shown to occur in Figs. 6 and 8 of this paper, while 
the author’s conclusions seem to be based on Table VII. 

Unfortunately, not sufficient data are presented showing furnace speeds, 
amount of quenching gas, chemical composition and the structural composition 
before and after quenching. 

In view of these facts, the author’s conclusion seems hardly justifiable. 

Written Discussion: By Morse Hill, assistant metallurgist, Materials 
Lab., Engineering Division, Materiel Command, Army Air Forces, Wright 
Field, Dayton, Ohio. 

The author’s description of the gas quenching and heat treatment of aircraft 
tubing will certainly serve to clear up some misconceptions as to the significance 
of the term “normalized”, which sometimes arise in the minds of those who are 
unacquainted with tubing manufacture practice. 

Did the author intend to imply that carbon is the only important agent in 
changing the physical properties of the gas-quenched tubing or are chromium and 
molybdenum and manganese also important? The fact that 8630 responds to the 
same treatment as 4130 would seem to indicate on first thought that only carbon is 
important, but in that case we are dealing with a change in the whole balance of 
elements rather than with variation in any one of them. 

Can the author give any further information as to the nature of the change on 
aging? Is it a precipitation effect or a stress relief action raises the yield point 
on aging or some other effect? In the laboratory it has been found that the 
change is accompanied by a change in the nature of the stress-strain curve. As 
this figure shows, normalized tubes have a smooth curve with no well defined 
yield point, while aged tubes have a very distinct break in the curve. This 
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rounding of the curve is almost certainly due to some internal stress in the metal 
which may as easily be caused by the presence of a super-cooled material as by 
unrelieved volume changes resultant on rapid cooling. 


Oral Discussion 


J. B. R. Anperson:* Mr. Lehrer, while he had a very interesting paper, 
was talking low side and high side of analyses. During the past year the Ameri- 
can Iron and Steel Institute has endeavored to get our steel making working 
ranges down to about what we would consider a practical minimum. Now, when 
you start talking about 0.28 to 0.30 carbon as necessary to accomplish the de- 
sired physical properties you are beyond the means of a steel maker. In other 
words, it is not practical for a steel maker to work to such close limits. It would 
seem more logical, particularly in these times, to design your heat treating equip- 
ment to take care of the standard article. Perhaps a little faster cooling or some- 
thing like that could secure your desired physical properties. 

Sam Tour:* I simply want to point out one item which has not been em- 
phasized sufficiently in this paper, and that is the higher effective cooling obtained 
with hydrogen than with any of the other gases. If it is desired to increase the 
rate of cooling, and that is presumably what is desired in this case, then the 
atmosphere should be such as to contain as high a percentage of hydrogen as 
possible. Carbon monoxide and carbon dioxide are not fast cooling gases and 
neither is nitrogen. Hydrogen is. Instead of creating an atmosphere containing 
only 12 per cent hydrogen it would be desirable to use an atmosphere with hydro- 
gen as high as possible. 

ArMAND DiGrutio: I would like to ask Mr. Tour if he has any figure 
which would indicate the increase in cooling effectiveness by, let us say, a doubling 
of the hydrogen content of the composition in the paper. 

Mr. Tour: That would have to be determined upon the particular equip- 
ment and circulative system which you have, which I have not, so I could not 
give you the figure, but I can say the cooling rate of straight hydrogen is about 
five times the cooling rate of carbon monoxide, about five to one in effectiveness 
in absorbing heat between hydrogen and carbon monoxide. 

Joun J. Turtn:’ I should like to point out, with reference to securing fast 
cooling rates, that one is not quite free to choose any type of atmosphere which 
he would like to have. Pure gases like hydrogen and nitrogen are things that 
cannot be obtained economically. The bright annealing atmosphere is relatively 
cheap atmosphere which does perform the required cooling action in a very satis- 
factory manner. As has been shown in the paper, this cooling action is more than 
sufficient to meet the requirements which have been set by the specifications. In 
answer to Mr. Anderson, one ought to point out that the cooling system is very 
flexible, and that the reason for this flexibility of the superfast cooling zone 
is to allow the control of the tubing physical properties regardless of whether 
the carbon contents are on the nose or whether they are on the low side, which 

3Metallurgist, Carnegie-Illinois Steel Corp., Pittsburgh. 


4President, Sam Tour & Co., Inc., New York City. 
5Physicist, Surface Combustion, Toledo, Ohio. 
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would be from 0.25 to 0.30 per cent of carbon, or whether on the high side, 
which would be from 0.30 to 0.35 per cent of carbon. 


Author’s Reply 


The author is grateful to those who have offered their comments and sug- 
gestions concerning this work. This paper can be considered as a progress report 
on the adaptability of a gaseous medium for the bright quenching of carbon and 
alloy steels. As such, it presents a method for successfully developing, in S.A.E. 
X4130 and NE 8630 welded aircraft tubing, the physical properties which satisfy 
condition N of Specification AN-T-3. 

In view of the increasing demand for such tubing as well as the attendant 
difficulties in applying conventional heat treating methods, it was believed that 
the information thus far obtained in commercial gas quenching applications should 
be passed on without delay. 

More complete data on the bright gas quenching method of heat treating 
will require considerably more research and development work. Such work will 
be aided by the remarks and constructive criticism of these men who are familiar 
with the problems involved. 

Dr. DiGuilio questions the apparent aging of welded X4130 tubes within 24 
hours after gas quenching as evidenced by increase in yield strength. The 
author agrees that the literature reveals no similar occurrence in X4130 after 
heat treating in the conventional manner. Such aging, however, has apparently 
occurred after gas quenching. The data obtained on this subject are meager, and 
while the total increase is usually small, the trend has always been towards 
increased yield strength. This room temperature aging was mentioned as being 
of academic rather than of practical value. 

Accelerated aging by heating to considerably above room temperature is of 
considerable importance and the results of carefully conducted tests are shown 
in Table VII. Increased yield as well as decreased elongation is consistently 
noted in these results. 

Mr. Hill inquires into the causes of the change in the yield point values 
during the aging process. It is the author’s opinion that such change is due to a 
precipitation effect. As Mr. Hill points out, either precipitation from a super- 
cooled material or unrelieved volume changes due to rapid cooling could cause 
a break in the stress-strain curve. When noticeable loss in elongation accom- 
panies the increase in yield, we would expect the change to be brought about by 
precipitation rather than stress relief. Additional data on this subject should be 
available in the near future. 

The author wishes to assure Mr. Hill that he is in full accord with the 
opinion that elements such as chromium, molybdenum and manganese have a 
definite influence on the physical properties of gas-quenched tubing. Whiie carbon 
was specifically mentioned as being of major importance, it was not intended that 
the other elements should be ignored. 

The fact that NE 8630 steel responded to the same treatment as X4130 was 
fully expected in view of the demonstrated ability of the metallurgist to accurately 
balance the elements so that two steels of widely different analysis are comparable 
in physical properties. 
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The remarks of Mr. Tour and Mr. Anderson have been discussed by Dr. 
Turin. Mr. Tour’s mention of the increased cooling effects of hydrogen as 
compared to the usual atmospheres suggests that considerable range of cooling 
rates may be obtained by proper choice of the gas quenching medium. This is 
true since the cooling rate of any hot body is a function of the heat transfer co- 
efficient between the hot body and the cooling medium, and this heat transfer 
coefficient increases in value with the specific heat of the cooling medium as well 
as with its velocity. 

We are familiar with the high heat capacity of hydrogen gas and are making 
use of this valuable property to a limited extent in the atmospheres described on 
page 293 of this paper. However, the use of too high a hydrogen concentration in 
a furnace of the type required for tubing presents a hazard due to the explosive 
nature of the hydrogen. We prefer to obtain our rapid cooling rates by using a 
comparatively safe gas at extremely high velocity. In the commercial units 
described in the paper we are able to obtain satisfactory cooling rates on all sizes 
of tube up to about 0.095 inch wall thickness with less than the maximum re- 
circulating capacity of 22,000 cubic feet per minute. This is explained on page 
306 and is graphically shown in Fig. 9. 

Mr. Anderson’s description of some of the difficulties besetting the steel 
manufacturer is fully appreciated, and the gas quenching equipment described in 
this paper has been designed with the idea of accommodating these difficulties. 





SOME EFFECTS OF HEAT TREATMENT ON LOW ALLOY 
TITANIUM STEELS 


By GeorcE F. Comstock 


Abstract 


Heat treatment of titanium steels above about 2000 
degrees Fahr. (1095 degrees Cent.) is shown in this paper 
to be capable of producing a marked increase in strength, 
due evidently to the solubility of titanium carbide in the 
austenite at high temperatures. Instances of this effect 
are described in 0.13 per cent carbon steel, 0.37 per cent 
carbon steel, chromium-molybdenum steel (S.A.E. 4140), 
and a 1.24 per cent manganese-copper-phosphorus plate 
steel. The increased strength produced by titanium can 
be utilized in steels used in the as-rolled condition, or 
stress-relieved at sub-critical temperatures, because billets 
are generally heated above 2000 degrees Fahr. (1095 de- 
grees Cent.) for rolling, and quenching is not required to 
retain titanium im the strengthening form. Without 
mechanical working after the high-temperature heat treat- 
ment the steel is coarse-grained and may have low impact 
value. Normalizing between the critical range and about 
2000 degrees Fahr. (1095 degrees Cent.) generally oblit- 
erates most of the strengthening effect of titanium, which 
then improves the ductility and impact value. 


OST of the available information on titanium steels, exclusive 
of austenitic stainless steels, has been obtained from small 
ingots which were converted into bar form for testing without the 
same high temperature soaking-pit treatment as is generally used for 
full-sized commercial ingots. It has not been sufficiently well ap- 
preciated that such a difference in the high temperature heat treatment 
of the ingots may have a very important effect on the properties of 
titanium steel, especially if the rolled or forged shapes are not nor- 
malized. Accordingly, the object of this paper is to explain and 
illustrate the influence of that processing factor on the final results 
obtained. 
High temperature heat treatment has a more important effect on 
the properties of titanium steels than on those of other alloy steels 
A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. The author, George F. Comstock, 
is metallurgist, The Titanium Alloy Manufacturing Co., Niagara Falls, N. Y. 


Manuscript received April 10, 1943. 
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because it is only at the very highest heat treating temperatures that 
titanium carbide dissolves in austenite. Furthermore titanium car- 
bide, unlike the carbides of most other elements used in alloy steels, 
does not mix with cementite or form double carbides with iron (1), 
(2).* But the stability of titanium carbide is greater than that of 
cementite or most other carbides in steel, so that when titanium is 
added to steel practically all of it combines with carbon, leaving that 
much less carbon available to form cementite and other similarly 
soluble carbides. Since the solution of cementite, and the other car- 
bides associated with it, in austenite above the critical temperature is 
the chief factor in the hardening and strengthening of steel by heat 
treatment, it is evident that titanium, in forming relatively insoluble 
titanium carbide, will reduce the effective amount of the hardening 
and strengthening agent and produce the same result as a reduction 
in carbon content. This, of course, is an over-simplification of the 
total action of titanium in steel, which is complicated by grain-size 
effects, deoxidation, intensification of other alloys, etc., but the above 
may be accepted as a useful though rough outline of the normal 
influence of titanium on the properties of low-alloy engineering or 
structural steels heat treated at the usual temperatures. 

This matter of heat treatment is a point that should not be over- 
looked, because titanium carbide is only relatively insoluble in steel, 
and can be caused to dissolve appreciably at higher temperatures 
than are generally used in heat treatment. When this solution occurs, 
the steel is strengthened and hardened by titanium in much the same 
way as by other carbide-forming elements that dissolve in the austen- 
ite. At lower temperatures, such as are used in normal heat-treating 
practice, the titanium carbide is precipitated, so that most of the effect 
of its solution is lost. Both precipitation and solution are sluggish, 
however, and their results depend as much upon the time allowed for 
the action as upon the temperatures involved. 


I<QUILIBRIUM RELATIONS BETWEEN CARBON AND [RON WITH 
Low TITANIUM 


The equilibrium relations beween titanium, iron and carbon in 
steel have been disclosed by Buttinghaus in Germany (2), and are 
compared for low-carbon steel containing 0.0, 0.3, and 0.7 per cent 
titanium in Fig. 1. Here it is seen how increasing titanium contents 


*The figures appearing in parentheses pertain to the references appended to this paper. 





326 TRANSACTIONS OF THE A. S. M. Vol. 33 


lemperature, °F 





\__Ferrite + Austenite \ 


- fe +iC ——_+—+— 
Ferrite + Peariite+TiC. 


_~— 


ee eet) 
2 Q& 





Carbon, Per Cent 


Fig. 1—Iron-Carbon yan Diagrams with 0, 0.3 and 0.7 Per Cent Titanium, 
Respectively, According to Buttinghaus. 


restrict the pure austenite field, expand the range of alpha iron or 
ferrite, and extend the occurrence of titanium carbide. However, 
even with as much as 0.7 per cent titanium and 0.2 to 0.4 per cent 
carbon, there is an extensive field of pure austenite solid solution 
under equilibrium conditions above about 2000 degrees Fahr. (1095 
degrees Cent.), which means of course that all the titanium carbide 
in such a steel can be made to dissolve completely by sufficient time 
at those temperatures. Some metallographic evidence on the partial 
solution of titanium in 18 per cent chromium steel was offered by 
Bannon in 1936 (3), but his soaking period at high temperature was 
only 1 hour, and complete solution was not attained. 










TITANIUM STEELS 


Low-CaARBON TITANIUM STEEL 














A good illustration of the marked influence of high temperature 
heat treatment on the properties of titanium steel can be found in the 
data reported elsewhere on the strain aging of low-carbon steel (4). 
Table I shows the tensile properties of two steel bars containing 
about 0.13 per cent carbon, 0.48 per cent manganese, and 0.18 per 
cent silicon, and with about 5 times as much titanium as carbon, 
each forged from a 17-pound ingot. One ingot was forged at about 
1750 degrees Fahr. (985 degrees Cent.), and the other was first 
soaked for 4 hours at 2150 degrees Fahr. (1175 degrees Cent.), 
both being finished at about the same temperature. 


@ 















Properties of Forged Low-Carbon Titanium Steel 


Heat Treatment before forging, Degrees 


Fahr. 1750 2150 1750 2150 
Normalizing Temperature after Forging, 

Degrees Fahr. None None 1700 1700 
Yield Strength, Lbs. per Sq. In. 28,500 51,100 21,000 20,400 
Tensile Strength, Lbs. per Sq. In. 60,000 64,900 56,300 53,000 
Elongation in 6 in., Per Cent 21.0 11.8 23.2 25.7 


Reduction of Area, Per Cent 69.9 (seams) 77.0 79.6 83.0 























The marked increase in yield strength due to soaking this 
titanium steel at 2150 degrees Fahr. (1175 degrees Cent.) can readily 
be appreciated from Table I, but it is also evident that the effect was 
lost on normalizing. The latter treatment gave the titanium carbide 
an opportunity to separate from the solid solution in the previously 
superheated bar, which then reverted to the condition and properties 
of the other bar made from the normally heated small ingot. The 
difference in properties between the two specimens tested in the as- 
forged condition shows that the solid solution was preserved, how- 
ever, during the cooling of the steel while forging, at least to an 
effective degree, the precipitation being sufficiently sluggish so that 
quenching from 2150 degrees Fahr. (1175 degrees Cent.) was not 
necessary. 


S.A.E. 1040 STEEL with TITANIUM oR VANADIUM 





A more extensive investigation of the effects of high-temperature 
heat treatment was made on an S.A.E. 1040 steel with 0.35 per cent 
titanium in comparison with two similar steels without titanium, one, 
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however, containing 0.10 per cent vanadium. These steels were 
received in the form of 1.5-inch round bars rolled from large ingots, 
and tests were made on forged 7-inch rounds heat treated after 
forging. The titanium steel was made by adding alunnnum and 
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ferrotitanium in the ingot mold, while the untreated steel was from 
a coarse-grained heat made without aluminum deoxidation. The 
analyses and austenitic grain sizes of these steels at various tem- 
peratures are given in Table II, while Fig. 2 shows how their tensile 
and impact properties varied with heat-treating temperature. 


Table Il 
Analyses and Austenitic Grain Sizes of S.A.E. Steels with and without Titanium 


7——Chemical Analysis——_, c——A.S.T.M. Grain Size Normalized at——, 
Steel G Mn Si Alloys 1600° F. 1750° F. 1900° F. 2150° F. 
oO 0.36 0.68 0.22 None ; 34 2-3 1-2 
T 0.37 0.63 0.26 0.35 Ti 8— 8 7-8 
V 0.40 0.66 0.19 0.10 V 8 -7 


In performing the heat treatments indicated on Fig. 2, the 
7g-inch round specimens were held at temperature for 1 hour. The 
curves show quite consistently how the titanium steel became stronger 
but less ductile or tough as the titanium carbide passed into solution 
above 1850 or 1900 degrees Fahr. (1010 or 1040 degrees Cent.), 
while similar changes occurred in the vanadium steel below 1750 or 
1850 degrees Fahr. (955 or 1010 degrees Cent.), and the non-alloy 


steel did not become stronger after high temperature treatment. 
S.A.E. 4140 Steer with TITaAnrtuM 


Similar changes due to solution effects at high temperature have 
been found in S.A.E. 4140 steel containing much smaller amounts 
of titanium. With even as little as 0.053 per cent titanium there was 
an appreciable increase in strength as the normalizing temperature 
was raised from 1650 to 2150 degrees Fahr. (960 to 1175 degrees 
Cent.), but more interesting results were obtained with titanium con- 
tents above 0.07 per cent. Examples of tensile and impact results on 
steel of this kind, forged from small induction-furnace heats to 
74-inch round bars are given in Table III. The ingots contained 
about 0.38 per cent carbon, 0.85 per cent manganese, 0.30 per cent 
silicon, 1 per cent chromium, 0.25 per cent molybdenum, and 0.10 
per cent titanium. Various heat treatments were applied to the 
ingots or bars as noted, though all these results were obtained with 
specimens finally tempered 2 hours at 1175 degrees Fahr. (635 de- 
grees Cent.). 

It may be noted from Table III that in every instance where 
treatment of 2000 degrees Fahr. (1095 degrees Cent.) or over was 
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Table Ill 
Properties of S.A.E. 4140 Steel with 0.1% Titanium, Tempered at 1175 Degrees Fahr. 
(635 Degrees Cent.) 


Heating Normal- 
Temperature izing 


for Tem- r——Per Cent——, Izod 

Forging, erature, 7——Lbs. per Sq. In.—, Elonga- Reduc- Impact 

Test Degrees egrees Yield Tensile tion tion Value, 

No. Fahr. ahr. Strength Strength in2in. of Area Ft. Lbs. 
1 1750 1650 95,300 118,000 21.0 59.0 32 
2 1750 2000 111,200 133,400 17.5 51.6 5 
3 1750 2150 114,000 139,900 15.5 46.7 7 
4 2050 None 103,800 124,400 19.5 53.9 34 
5 2050 1650 98,200 121,400 20.7 55.5 18 
6 2150 None 116,300 133,200 15.0 46.8 33 
7 2150 1600 93,000 119,800 19.5 56.1 18 











the last heat treatment applied, except for sub-critical tempering, the 
yield strength was appreciably higher than when normalizing was 
used. Generally the tensile strength also was better, but the ductility 
and impact resistance were low when the high temperature treatment 
was applied after forging. Thus to take advantage of the higher 
yield strength conferred by titanium and high-temperature heat treat- 
ment, without the occurrence of low notched-bar impact values, it is 
necessary to work the steel mechanically after that treatment, to 
reduce the grain size, as was done in Tests 4 and 6. If the grain 
refinement is accomplished by normalizing, the strengthening effect 
of the titanium is lost, presumably because the titanium carbide 
then is given an opportunity to precipitate from the solid solution or 
to agglomerate into particles too coarse to be effective for strengthen- 


ing. 
Low ALLoy H1cGH-STRENGTH PLATE STEEL WITH TITANIUM 


A better illustration of this action was afforded by a trial of 
titanium in a low-alloy high strength plate steel, where mold addi- 
tions of titanium in various amounts were used in a single open- 
hearth heat. The heat analysis was 0.14 per cent carbon, 1.24 per 
cent manganese, 0.36 per cent copper, 0.125 per cent phosphorus, 
0.078 per cent silicon, and 0.023 per cent sulphur. The heat was 
deoxidized in the ladle with 34 pound of aluminum per ton, and when 
the 8500-pound ingots were poured, low-carbon 40 per cent ferro- 
titanium was thrown into the stream entering some of the molds. 
These ingots were heated for about 12 hours at 2200 degrees Fahr. 
(1205 degrees Cent.) and rolled into slabs. The slabs were reheated 
for about 1.75 hours to 2150 degrees Fahr. (1175 degrees Cent.) 
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and rolled to half-inch plates. The slabs and plates from various 
parts of the ingots were sampled for analysis and agreed closely with 
the heat analysis given above, except of course for their titanium 
contents which varied from zero up to about 0.25 per cent. 

These plates were tested in tension and er both as-rolled 
and after normalizing 2 hours at 1650 degrees Fahr. (900 degrees 
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Fig. 3—Tensile, Impact and Hardness Test Results on 
Plate Steel with Various Amounts of Titanium. 


Cent.). The tensile specimens were the full thickness of the plate, 
1.5 inches wide, and 9 inches long between shoulders. They were 
cut lengthwise from both middle and edge of the plate, and also 
transversely, and the results were averaged for each titanium content 
since there was but little difference between the properties at the 
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various locations. Impact tests were made with standard Izod speci- 
mens at room temperature, and were likewise averaged for each 
titanium content. The results of these tests are shown plotted 
against the titanium content of the steel in Fig. 3. 

The very marked increase in yield and tensile strength found in 
this plate steel with increasing titanium content is readily appreciated 
from Fig. 3, and it is seen that it is accompanied by an increase in 
hardness and decreases in ductility and notched-bar impact resistance. 
After normalizing, the increase in strength with titanium was still 
perceptible, though much smaller, but the reduction of area and 
impact values of the normalized specimens were improved with 
higher titanium. 

Weld hardening tests were made on as-rolled specimens by means 
of hardness surveys on cross-sections of single beads deposited on 
scale-free surfaces from ;%;-inch coated electrodes at about 55 de- 
grees Fahr. at a rate of 6 inches per minute, using 55 volts and 175 
amperes. All the sections tested were at least 2 inches from the 
ends of the beads. The Rockwell hardness was measured at four 
points in the hardened zone just beneath the weld deposit, and the 
average was compared with the hardness of the plate at the same 
location not welded, to determine the increment due to weld harden- 
ing. One set of tests was made using the Rockwell B scale, with 
welds on 7 by 10-inch pieces of plate, and a duplicate set was made 
using the diamond penetrator and C scale on 3.5 by 4.75-inch samples. 

The results by both methods are shown graphically on Fig. 3, 
the C scale method giving perhaps a more distinct comparison be- 
tween the steels. The maximum hardness below the weld beads 
did not increase as much with increasing titanium content, at least 
up to about 0.15 per cent, as the as-rolled hardness before welding, 
so that the weld-hardening was much decreased by titanium in such 
amounts. 


CoMPARISON WITH PREVIOUS RESULTS ON 
PHOSPHORUS-LTITANIUM STEEL 


The relative properties of these titanium steels illustrate very 
distinctly the marked effect of small titanium additions on the strength 
and hardness of steel tested in the as-rolled condition without heat 
treatment other than that applied in the ingot soaking pits or slab- 
heating furnaces at or above 2150 degrees Fahr. (1175 degrees 
Cent.). It is also clearly shown how this effect may be reduced or 


% 
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Fig. 8—Lengthwise Structure of Plate Rolled From Upper Part of Ingot with 0.24 
Per Cent Titanium, Magnified 100 Diameters, Etched with Nital. 


Fig. 9—Same as Fig. 8, Except From Lower Part of Ingot, with 0.17 Per Cent 
Titanium. 


Fig. 10—Structure of the Coarsest Zone Beneath a Single-Bead Weld Deposit on the 
Plate with No Titanium, Magnified 200 Diameters, Etched with Nital, 


Fig. 11—Structure of the Coarsest Zone Beneath a Single-Bead Weld Deposit on 
the Plate with 0.24 Per Cent Titanium, Magnified 200 Diameters, Etched with Nital. 
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eliminated by subsequent normalizing. These features, which are 
important in the practical application of titanium steels, were un- 
fortunately not considered in the author’s recent paper on phosphorus- 
titanium steel (5), because the experience then reported was acquired 
only with small ingots that were not soaked at a high temperature 
before forging. The titanium carbide was thus not taken into solu- 
tion in the steels studied at that time, and did not increase the strength 
and hardness. 

Another factor should be considered, however, in comparing the 
results shown in Fig. 3 with those in the previous paper (5), and 
that is the amount of titanium present. Most of the steels studied 
in the former paper contained 0.40 per cent or more titanium, while 
in Fig. 3 half as much is nearly the maximum. There is a perceptible 
tendency in Fig. 3 for the strengthening to fall off, and the ductility 
and toughness to improve, even in the as-rolled steel, as the titanium 
content approaches or exceeds 0.20 per cent. This is probably due 
to the fact that there then appears a definite decrease in the amount 
of pearlite in the steel, and this factor begins to counteract the hard- 
ening effect of the titanium carbide dissolved in the ferrite. With 
steels containing over 0.40 per cent titanium there would, of course, 
be much less pearlite in the structure, and better ductility with lower 
strength would naturally follow. 

The microstructures of some of the steels included in Fig. 3 are 
of interest in this connection and are shown in Figs. 4 to 11 inclusive. 
The plate structures with low titanium are seen to be less banded 
than the others, and with titanium around 0.20 per cent there is 
decidedly less pearlite. The weld structures in the coarse zones show 
less coarsening with about 0.20 per cent titanium. 


CONCLUSIONS 


Thus two especially important factors governing the properties 
and usefulness of titanium steels are, first, the percentage of titanium 
in relation to the carbon content, which influences the amount of 
pearlite in the structure, and second, the temperature and time of 
the last heat treatment above the critical range. That heat treatment 
determines in which of the two following ways titanium will affect 
the properties and usefulness of a low alloy steel: 

(A) With normalizing below about 2000 degrees Fahr. titanium 
improves the ductility and impact resistance but with comparatively 
limited, if any, increase in yield and tensile strengths. 
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(B) With heat treatment above about 2000 degrees Fahr. (1095 
degrees Cent.) titanium increases the yield and tensile strengths, 
sometimes as much as 50 per cent, but gives lower ductility and 
impact resistance. The decrease in the latter properties may be cor- 
rected by mechanical work, such as forging, without serious impair- 
ment of the improved strength. 

The differences in properties resulting from these two methods 
of heat treatment are probably due to a difference in the mode of 
titanium carbide dispersion. Under the conditions of the first 
method, titanium carbide is not appreciably soluble, and a coarse 
dispersion results. Under those of the second method, the titanium 
carbide is dissolved, and either held in solution or precipitated in a 
finely dispersed condition. This may be achieved with moderate 
cooling rates, quenching not being necessary. 
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DISCUSSION 


Written Discussion: By J. W. Price, Jr., metallurgist, Carnegie-Illinots 
Steel Corp., Munhall, Pa. 

Mr. Comstock’s paper has been read with considerable interest, and it is 
believed that the author should be complimented for drawing the attention of a 
group such as this to the fact that titanium is a useful hardening element in steels, 
as well as a deoxidizer and a carbide stabilizer. 

During the past several years, we have been experimenting with titanium as 
an alloying element in low alloy high tensile steels, and our results are in close 
agreement with those pointed out in this paper. When we began to work with 
titanium as an alloying element, it was with the idea of using it as a substitute 
for vanadium in high tensile welding steels. Our experience with vanadium had 
shown that on cooling from rolling temperatures, considerably higher physical 
properties were obtained than could be obtained on the same material after 
normalizing. It was reasoned that this was due to the circumstance that, at the 
relatively high temperature to which the steel was heated for rolling, the vanadium 
would be largely in solution in the austenite, and could therefore act as a hard- 
ening element upon cooling, whereas on subsequent normalizing, the tempera- 
ture is not sufficiently high to put all of the vanadium carbide into solution and 
on cooling from the normalizing temperature it would be inactive as a hardening 
element. 

A number of heats of plain carbon structural plate steel were made with 
titanium additions varying from 0.02 to 0.08 per cent, and it was found that, as 
the titanium addition increased, the as-rolled physical properties also increased. 
Likewise, as the titanium addition increased, the drop in physical properties after 
normalizing increased. We believe that this is due to the fact that titanium 
carbide behaves in about the same manner as vanadium carbide. 

Weldability tests on these titanium bearing heats indicated a considerably 
superior weldability to that of some steels which rely on more easily soluble 
carbide-forming elements for their physical properties. This was also attributed 
to the solution characteristics of the titanium carbide. In other words, a 
narrower zone of the plate than that which is heated above the ordinary critical 
range in welding is heated sufficiently high to permit much titanium carbide solu- 
tion, and also the time at such temperature is sufficiently short that solution may 
be incomplete. We have believed for some time that the good weldability of 
manganese-vanadium structural steels could, at least in part, be accounted for by 
this explanation, and we now believe that it can be applied even more definitely 
to the titanium-bearing steel. 

In order to produce an appreciable increase in physical properties by the 
addition of titanium it is necessary to add an amount sufficient to give a ladle 
analysis of 0.03 per cent titanium or greater. Heats containing 0.05 to 0.07 per 
cent titanium show in the as-rolled condition an increase in yield point of 10,000 
to 15,000 pounds per square inch, and a similar increase in ultimate strength. 

It is believed that these results offer some evidence in support of Mr. Com- 
stock’s contention that titanium has considerable hardening power when the 
austenitizing temperature is sufficiently high to put it in solution. 
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We would like to ask the author whether or not he considers some of the 
titanium contents he has discussed in his paper (0.30 and 0.70 per cent) com- 
mercially practical for basic open-hearth steel. Our experience indicates that 
mold additions do not give uniformly satisfactory results, nor have we been 
able to obtain titanium contents over about 0.10 per cent consistently by means 
of ladle additions. 


Oral Discussion 


RicHarp W. Harcis:* I would like to ask the author if he has had any 
experience with titanium treated steels of about 0.01 per cent in heavy forging 
work ranging up to 20 inches in diameter, particularly relative to refining the 
grain size in short heat treatments either normalizing or annealing after forging. 

Joun F. Ecxet:* Mr. Comstock’s presentation led me to believe that he 
felt the increase or change in physical properties was the result of possible solu- 
tion hardening in the alpha phase. I wonder if he has any information on how 
titanium may affect the solubility of carbon in the alpha phase. 

SaMUEL L. Hoyt:* Mr. Comstock is dealing with very interesting subject 
matter here. I believe titanium is a rather difficult element to handle properly in 
steel and requires careful experimental work, such as Mr. Comstock has pre- 
sented this morning. For welding applications, the manganese-titanium steel is 
well known and I should like to ask Mr. Comstock if, in that case, the peculiar 
behavior of titanium is not utilized? That is, not until the steel is heated to 
some fairly high temperature is the titanium carbide dissolved, and in that way 
becomes an effective hardening aid. In other steels air cooling is not always 
sufficient to give the strength fieeded. 

Other applications which involve about the same behavior are brazing, 
silver soldering, and so forth, particularly where it is desirable to keep the cost 
down. In other words, by utilizing the air hardening capacity which titanium 
steel acquires upon heating to temperatures above those normally used, it may 
be possible to secure good properties without subsequent heat treatment. 

W. E. Jominy:* One of the subjects that has always intrigued me in con- 
nection with most elements is the effect on resistance to wear. It was a pet 
subject of mine four or five years ago. Wear resistance is something about 
which we know very little, because we do not seem to have any standard method 
for measuring it. In the description of the properties of elements in the days 
before these elements were scarce, there was usually a statement that it develops 
resistance to wear. I have not heard that denied about titanium. As a matter 
of fact, in my own experience, titanium as an addition agent to cast iron seems 
to give very good wear resistance, apparently titanium carbide being the reason 
for that behavior. It has the added advantage in that in cast iron the material 
is not hard to machine since it does not increase the hardness of the cast iron. 
It does seem to increase the abrasion on the tool in cutting, however, es you 
would expect a wear-resisting material to do. I have not seen many data on the 
effect of titanium catbide on wear resistance in steel. I have found it to be very 
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satisfactory in piston rings and cylinder iron. I wonder whether Mr. Com- 
stock would be able to give us any comments in that regard? 


Author’s Reply 


I would like to express my appreciation to all those who have shown their 
interest in the paper by the various discussions that were offered. I am especially 
grateful to Mr. Price for his very interesting remarks in support of the paper 
In regard to his question as to whether it is practical to secure more than 0.1 
per cent residual titanium in basic open-hearth practice, I will have to admit 
that is a difficult problem and that we can only offer possible suggestions as to 
how it might be done in practice with commercially attractive results. I believe 
that the open-hearth men will have to find out the best way to do that for us, 
and I think it probably will be done in a few years. The trouble seems to be 
the oxidizing effect of the open-hearth slag on top of the ladle, and if that is 
controlled in some practical way, so the titanium is not oxidized out of the steel 
by the slag on top of the ladle, I believe it will be possible to secure higher 
recoveries of larger amounts of titanium from ladle additions. 

Mr. Hargis asked if we had any experience with titanium in very large 
forgings, and I am afraid I will have to admit that we do not have any special 
data to offer particularly on that subject, but when titanium treatment is applied 
to steel, so that you get an amount of titanium recovered on the order of 0.01 
per cent, it has somewhat the same effect as aluminum in giving a finer grain size. 
Probably with aluminum that is due to the formation of aluminum oxide; in the 
case of titanium I believe it is due to the formation of titanium-carbo-nitride. This 
compound forms nuclei in the steel before the steel freezes, so that more primary 
crystals of steel start to form in a given volume of melt and none of them can 
therefore attain such a large size. 

Mr. Eckel asked for the effect of titanium on the solubility of carbon in the 
alpha phase: All we know about that is expressed in the diagrams that are 
shown in the preprint, which are taken from German records, and which seem 
to show that the solubility of carbon in ferrite is slightly increased by the 
presence of titanium. 

Dr. Hoyt spoke about the weldable manganese-titanium steels. It is true 
that in these steels, which are generally used in the form of as-rolled plate, 
advantage is taken of the strengthening effect of titanium. Mr. Price’s remarks 
throw some light on this subject, and he mentioned that the weldability of the 
titanium steel was found to be superior to that of similar steels without titanium. 

Dr. Hoyt’s suggestion that the titanium steels, strengthened by high-tempera- 
ture heat treatment, should maintain their properties well on brazing or silver 
soldering is an interesting one that seems plausible, and should be carefully 
investigated. 

In regard to the wear resistance that Mr. Jominy mentioned, that has been 
extremely interesting to us, but the few wear tests that we made on titanium 
cast irons did not seem to support Mr. Jominy’s experience very well. Possibly 
that was because all our tests were made without any lubrication, and were 
therefore not comparable to normal service in an engine cylinder. We did find, 
however, that titanium is very effective for decreasing the grain size of the cast 
iron, particularly the size of the graphite, and for improving machinability. 





NOTCHED BAR TENSILE TEST CHARACTERISTICS 


OF HEAT TREATED LOW ALLOY STEELS 
By G. Sacus, J. D. LUBAHN ANp L. J. Expert 


Abstract 


Previous tests on notched alloy steel tensile test 
bars revealed severe embrittlement if the strength level 
of the steel exceeded 200,000 pounds per square inch. 
However, the notch strength values of such high 
strength steels scattered considerably. Therefore, a sys- 
tematic investigation was initiated in order to determine 
the influence of various factors on the results of the 
notched bar tensile test. 

In order to eliminate bending stresses which con- 
siderably reduce the notch strength, a new “concentric” 
test fixture was developed. 

Decarburization was found to increase the notch 
strength; while careful grinding and polishing of the 
notch fillet, in combination with the concentric test fix- 
- ture, yielded throughout uniform results. Thus, the re- 
sults of the notched bar tensile test can be used to obtain 
reliable additional metal characteristics, which cannot be 
obtained by any other method. 

The first part of this investigation dealt with the 
effects of notch radius. The transverse elastic strain, the 
notch strength, and the notch ductility, of a notch-ductile 
steel, having a strength level below 200,000 pounds per 
square inch, were almost independent of the notch radwus, 
between zero and 35 inch. This indicated that the trans- 
verse stress, or triaxiality, in the restrained notch section 
was little affected by the notch radius, within this range. 
Only when the notch radius became rather large, the 
notch strength, and correspondingly the transverse ten- 
sion, decreased with increasing radius, while the notch 
ductility simultaneously increased. The notch strength 
of a steel having a high strength level, however, was 
larger the larger the notch radius, because of the cor- 
respondingly smaller stress-concentration in the notched 
section. The notch strength increased up to a notch 
radius of #5 inch, and then decreased, because of the 
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decreasing transverse tension. The stress concentration 
also explained the varying shapes of the stress-strain 
curves for the notched section. 

In the second part of the investigation, results of 
tests with an “eccentric” test fixture were discussed. The 
superposition of bending on tension generally reduced 
the notch strength more the higher the strength level 
(or the smaller the notch ductility), and the larger the 
eccentricity. Above a certain eccentricity, the notch 
strength of a steel became smaller, the higher the strength 
level; t.e., the eccentric notch strength measured primarily 
the inherent (notch) ductility of the steel. This could 
be explained readily by theoretical conceptions. 


INTRODUCTION 


REVIOUS investigations on notched tensile test bars (1)’ 
were made with the immediate purpose in view of comparing 
various types of low alloyed steels regarding their relative tendency 
toward “embrittlement” under unfavorable circumstances. It was 
found that for a 60-degree sharp notch, the behavior of the metal 
was distinctly one of two types. For steels having a strength level 
below 200,000 pounds per square inch, approximately, the notch 
ductility was relatively high, above 2 per cent, say, and the notch 
strength was consistent and above the ultimate strength. For steels 
having a strength level above 200,000 pounds per square inch, ap- 
proximately, the notch ductility was nearly zero and the notch 
strength scattered widely between values close to the ultimate 
strength and values as low as 30 per cent of the ultimate strength. 
The scattering of the notch strength values and the inaccuracies of 
measuring the notch ductility by the method used at that time made 
it impossible to draw definite conclusions regarding the behavior 
of the metal and to make comparisons between different steels. 

In view of the difficulties encountered in the investigation made 
heretofore, it was considered advisable to continue the investigation 
along new and more fundamental lines. The aim of the new program 
might be summarized as an effort to determine what variables are 
responsible for the scattering mentioned above, to investigate the 
effect of these variables on the behavior of the metal, and thus 
eventually to devise a testing method in which these variables can 
be controlled, for the final purpose of comparing the reaction of 
different steels to various conditions. 
~~ iPhe figures appearing in parentheses refer to the hibliography appended to this paper. 
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It was also thought that only a detailed systematic study of 
these variables, eventually clarifying the stress-strain relations in 
notched bar tensile tests, would eliminate the many uncertainties 
regarding the practical significance of the metal characteristics re- 
vealed by this test. 

Of those variables which can be readily investigated, the ones 
which seemed most likely to be responsible for the scattering were 
as follows: 

1. Variations in surface conditions at the root of the notch. 

2. Variations in notch radius. 

3. Eccentricity of loading. 

This paper deals with the effects of these factors on the results 
of notched bar tensile tests on heat treated low alloy steels. In 
order to obtain reproducible results, it was found necessary to 
develop new procedures of testing. 

Regarding surface effects, such as decarburization, it is well 
known that the use of forming gas (80 per cent No, 20 per cent He) 
as a controlled atmosphere for hardening results in decarburization 
at the surface of the specimen. In the earlier tests (1) the de- 
carburized metal at the root of the notch was not removed after 
heat treatment, and consequently this soft layer might well have 
had a pronounced effect on the overall behavior of the notch. 
Therefore, a few tests, using the newly developed equipment, were 
made in order to determine the magnitude of this effect; and a 
technique of preparing the specimens was developed, which elimi- 
nated the scattering of the results caused by a varying surface 
condition. 

Regarding the notch radius, it was previously observed that 
a presumably “sharp’’ notch actually had a small radius, some- 
what less than 0.001 inch. Since there was no way of controlling 
the size of this small radius, it was thought that variations of the 
notch radius might be a partial cause of the observed scattering, 
particularly in view of the large effect of variations in radius on 
the stress concentration factor in the elastic range of straining (2). 
In addition, the “sharpness” of a notch is considered generally as 
a factor of considerable practical and theoretical significance for 


the strength properties of a steel structure. Consequently, the 
effects of the notch radius were made the object of an extensive 
investigation. 


For this purpose, a new testing fixture was built which per- 
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mitted the testing of notched bar tensile ‘test specimens without 
any superimposed bending. The results of such “concentric notched 
bar tensile tests” were consistent; this test method appeared to 
yield characteristics of a heat treated steel which cannot be ob- 
tained by means of any other test method. 

The previous tests (1) were made with standard ball fixtures 
similar to those recommended by the A.S.T.M. Standards. The 
fact that these fixtures resulted in a considerable eccentricity of 
loading was verified by eccentricity measurements on a number of 
specimens tested in these fixtures. Thus the importance of ec- 
centricity as a cause of the observed scattering was definitely es- 
tablished. 

Several previous investigations (3), (4), (5), dealing with 
the effect of eccentric loading on the strength of notched and 
threaded tensile test bars, have used a tapered shim underneath 
the head or nut. This method is not definite, but creates eccentric 
loading during a test only as long as the head has not been bent 
to such an extent that it rests on both sides of the shim. 

In order to obtain more exacting conditions, experimentation 
along new lines was conducted. A testing fixture was designed 
for applying combined tensile and bending loads to notched tensile 
test bars. The notch strength in an “eccentric notched bar tensile 
test’’ depended primarily on the inherent ductility of the metal, 
and can be used as a measure of ductility, which apparently is 
more readily obtained by this method than by any other used at 
present. 


MATERIAL AND PREPARATION OF SPECIMENS 


Five different Iow alloy steels, previously investigated (1), were 
available. Only the results obtained on S.A.E. 3140 steel, which 
was selected as a representative material, are reported here, but 
some additional tests on the other steels showed that all steels 
of a similar carbon content behaved fundamentally in the same 
manner. 

The S.A.E. 3140 steel was heat treated, by oil quenching and 
tempering for 1 hour at different temperatures (1), to different 
‘strength levels’, i.e., average tensile strengths ranging from 
130,000 to 270,000 pounds per square inch. The properties of 
cylindrical test bars are assembled in Table I. 





344 TRANSACTIONS OF THE A. S. M. Vol. 33 


Table I 
Properties of S.A.E. 3140 Steel Oil-Quenched from 1525 Degrees Fahr. 


(0.40% C, 1.37% Ni, 0.66% Cr, 0.76% Mn, 
0.26% Si, 0.015% S, 0.020% P) 








Tempering 
Temperature Yield Tensile Strength 
(1 hour) Specimen Strength Strength Contraction Level 
Degrees Diameter 1000 1000 In Area 1000 
Fahr. In. Psi Psi Per Cent Psi 
500 0.351 233 273 52 
0.351 233 273 52 270 
650 0.350 216 241 55 
0.350 218 242 55 240 
740 0.501 200 211 
0.501 198 215 im 
0.301 nah a 222 54 220 
830 0.500 181 188 57 
0.500 178 186 57 190 
0.300 185 196 58 
0.299 185 195 58 
1000 0.500 133 147 60 
0.500 130 144 60 145 
1200 0.500 110 128 62 
0 


. 500 112 129 62 130 


) A notch depth of 50 per cent (50 per cent of the cross sec- 
tional area removed) was chosen arbitrarily for these tests.’ 

It was first thought that the final machining of the notch 
might have some surface effects due to the extremely severe cold 
work at the surface during machining. To determine whether 
this factor had any effect, a series of concentric notched bar 
tensile tests was made in which pairs of specimens having a 
strength level of 240,000 pounds per square inch were tested, 
each pair being identically prepared in all respects, as described 
later, except that one of the two had the effects of the final 
machining (before lapping) removed by an additional pickling. The 
notch was made 0.003 inch deeper by the pickling operation, thus 
removing any effects of machining (6). To avoid possible hydrogen 
embrittlement due to the pickling, the pickled specimens were 
tempered for 15 minutes at 400 degrees Fahr. (205 degrees Cent.) 
after pickling. The result of this comparison is represented in 
Table II. It is possible that the cold working of the surface by 
machining would have an effect, but that sufficient stock is sub- 
sequently lapped off (as described later) to remove the cold- 
worked metal, or to eliminate any differences introduced by the 
machining, thus accounting for the failure of the comparison in 
Table II to show any effects of the cold work by machining. 

The effect of decarburization at the root of the notch was deter- 


2The effects of notch radius should be similar for other notch depths to those for a 50 
per cent notch. These relations will be made the subject of another investigation. 
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Table II 
Effect of Pickling on the Notch Strength of 50 Per Cent Notched Tensile Test Bars of 
240,000 Pounds Per Square Inch Strength Level 





Notch Notch 
Strength Strength 
Radius Pickled Unpickled 
In. 1000 Psi 1000 Psi 
0.000 210 183 
0.002 225 234 
0.006 259 298 
0.008 306 295 
0.016 317 329 


0.031 326 326 
mined for a single condition by a few additional tests on specimens 
which were not machined after heat treatment. The depth of decar- 
burization was estimated from a microsection to be about 0.002 inch. 
The results in Table III show an increase in notch strength by 
approximately 70,000 pounds per square inch because of the presence 
of the decarburized surface layer. This effect corresponds to that 
of a notch radius of 0.004 inch (see Fig. 9). Thus, decarburization 
relieves the embrittling effect of sharp notches on steels having a 
high strength level, as was to be expected; and variations in surface 
conditions, particularly decarburization, at the root of the notch were 
partly responsible for the scattering observed in earlier tests. 


Table Ill 


Effect of Surface Decarburization on the Notch Strength of a 50 Per Cent, Sharply 
Notched Tensile Test Bar of 240,000 Pounds Per Square Inch Strength Level 





Notch Strength Notch Strength 
with decarburization with decarburization 
present — 1000 psi removed — 1000 psi 
268 210 
272 183 
279 


The elimination of these surface effects as a variable resulted in 
the procedure outlined below. 

1. Rough machining of the specimens allowing 0.010 inch for 
grinding the cylindrical surface after heat treating. 0.010 inch in 
diameter of stock was left at the notch bottom to be removed after 
the heat treatment. 

2. Heating for 1 hour at 1525 degrees Fahr. (830 degrees 
Cent.) in a vertical, controlled atmosphere furnace and oil quenching 
in an air-lift quenching tank (1). 

3. Tempering for 1 hour in an electric Lindberg Cyclone 
forced-convection furnace. 

4. Machining of the notch to the final depth and approximate 
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radius desired, thus removing the surface effects due to heat treat- 
ment, such as decarburization. 

5. Lapping of the radius at the notch bottom to a smooth con- 
tour, using piano wire or a sharpened file for the sharp notch (1) 
and valve grinding compound. 

6. Grinding of the cylindrical surface to 0.500 inch diameter, 
and of the under side of the head to a flat seat. 


PRELIMINARY Tests WitH BALL SEAT TENSILE TEst FIXTURES 


In the previous notch bar tensile tests on heat treated steels (1), 
a gripping device was used, according to A.S.T.M. Standards E8-36, 
which was supposed to be effective in avoiding bending stress on the 
specimens. 

A number of preliminary tests were made in order to determine 
the bending stress introduced by this fixture and its effects on the 
results of notched bar tensile tests. In these tests a number of 
threaded end specimens having a total length of 3 inches, and pro- 
vided with a 50 per cent sharp notch (cylindrical diameter 0.50 inch, 
notched diameter 0.35 inch), were tested in the usual manner. 

During such tests the elastic strains at two opposite elements 
were measured by means of two Huggenberger lever-type strain 
gages over a gage-length of 1 inch with the notch in center. 
Circumferentially scribed lines, 0.997 inch apart, were provided to 
serve as seats for the knife edges of the extensometers, see Fig. 7. 
Before any measurements were made, each specimen was loaded to 
10,000 pounds to permit the specimen to be seated and to preclude the 
possibility of any shift in position during the actual test. At no 
time from this point on was the load allowed to fall below 1500 
pounds again, so that there was no possibility of a shift in position 
that might change the eccentricity. With the gages in opposite 
positions on the specimen the load was increased from 1500 to 9900 
pounds, in 300-pound increments. The gage readings were plotted 
against the load, and the slopes of the straight lines so obtained, 
Fig. 1, were used to calculate the component of eccentricity in the 
plane of the two measured strains. The eccentricity measure- 
ments were repeated with the gages in positions 90 degrees away 
from their original positions. Thus, the components of eccentricity 
were determined in two directions at right angles, and they were 
added vectorially to give the total eccentricity. 

See Appendix I. 
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Load, 1000 Lbs. 





Huggenburger Extensometer Resaings 


Fig. 1—Examples of Stress-Strain Curves for Opposite Sides 
of Common Notched Tensile Test Specimens Illustrating the Ef 
fect of Eccentricity on Tensile Tests with Ball Seat Fixtures. 


Also, in order to reveal the effect of larger eccentricities than 
those obtainable ,with ball seat fixtures, a few tests were made with 
the balls removed and the fixtures displaced to one side as far as 
possible. Eccentricities of approximately 0.1 inch were measured in 
such tests. However the stress-strain curves showed a certain curva- 
ture which rendered these eccentricity values uncertain. 

Two conditions of the S.A.E. 3140 were tested in this manner. 
The test bars were of two types, differing in the radii at the notch 
bottom, which were zero and 0.008 inch respectively. 

The effect of eccentricity on the notch strength as derived by 
this method is illustrated in Fig. 2. The notch strength of the notch 
brittle condition, having a strength level of 240,000 pounds per square 
inch, and tested in the form of bars provided with a sharp notch, de- 
creases considerably with increasing eccentricity. The range of 
eccentricity in regular tests, between 0 and 0.020 inch, thus accounts 
for a scattering of the notch strength by + 20 per cent. 

This explains part of the scattering encountered in the previous 
tests (1). The influence of eccentricity decreases with both increas- 
ing notch radius and decreasing strength level, and the possible varia- 
tions in eccentricity during testing with the self-aligning fixture have 
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Fig. 2—Effect of Eccentricity and Notch Radius 
on Notch Strength for Two Tempering Temperatures. 
only an insignificant effect on the notch strength of test bars pos- 
sessing a strength level below 200,000 pounds per square inch, or a 
high notch ductility. 

The presence of considerable bending stress in testing with the 
self-aligning fixture can be attributed to either the presence of fric- 
tion in the ball seats which is particularly large in testing very strong 
metals and/or the irregular seat and force transmission of threaded- 
end specimens. 

The results of these preliminary tests with large eccentricity 
confirm the previous view that the differences in notch strength of 
various conditions of the steel, and provided with notches of varying 
sharpness, may be considerably increased by superimposing a certain 
amount of bending to the applied tension. 


STRESS AND STRAIN MEASUREMENTS 


In the earlier tests (1), the transverse strain was determined 
from measurements with a special micrometer equipped with one 
chisel-shaped anvil. The readings were tedious and inaccurate and 
required correction for the wearing away of the metal at the bottom 
of the notch during the tests. Also, measurements of the diameter 
after fracture were made previously by means of a measuring micro- 
scope. This method also proved very time-consuming and so in- 
accurate that the errors (+ 1 per cent) were often larger than were 
the desired values of reduction of area after fracture, or contraction 
in area, introduced as “notch ductility”. 
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For the purpose of measuring the average transverse strain in 
the notched section during the test and at the moment of fracture, 
a special transverse strain gage was built, which gave more accurate 
results in less time. This gage consisted of two knife edges which 
fitted into the notch on each side of the specimen, Fig. 3. One knife 
edge was allowed to slide freely on a pair of horizontal rods, 
lubricated with heavy machine oil; the other was fixed with respect 
to the rods. The knife edges were pulled down into the notch by 
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Fig. 3—Gage for Measuring the Average Transverse Strain Across the Bottom 
of the Notch. 


springs connecting them at each end. A Last Word dial gage was 
mounted on a bar which was clamped to the rods, and had its pin in 
contact with the movable knife edge. Thus it measured directly the 
relative movement between the fixed and movable knife edges, 1.e., 
the change in diameter at the root of the notch. The Last Word 
gage was graduated in such a way that one division represented 
0.0002 inch. Reliable results could not be obtained on sharp notches 
unless the knife edges for the gage were kept sharp. 

Load and gage readings were recorded at intervals during the 
test and up to the breaking point. Damage to the gage at the breaking 
point of the specimen was prevented by supporting the gage with a 
string from the head of the testing machine. At the moment of 
fracture, the two parts of the specimen were projected directly away 
from the gage with considerable velocity, leaving it hanging on the 
string. Thus, transverse strain readings could be taken at various 
intervals during the test, up to point of failure. Fig. 4 shows typical 
curves obtained when the load is plotted against the gage readings. 

From the load measurement and gage readings, the stress and 





350 TRANSACTIONS OF THE A. S. M. Vol. 33 


strain quantities are given by the following equations: 








4P 
S= [2] 
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where: S = average longitudinal stress in the notched section, pounds per 
square inch. 
P = load, pounds. 
d. = original diameter of the cross section at the root of the notch, inch. 
e = per cent reduction in cross-sectional area at the root of the notch. 
R = change in gage reading from the beginning of the test, divisions. 
K = value of one division on the gage = 0.0002 inch. 
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Fig. 4+—Examples of Load-Deflection Curves Obtained from Notched Bar Ten- 


sile Tests. 


From curves like Fig. 4, “stress-strain curves” were derived, 
in which the stress is the average longitudinal stress in the notched 
section and the strain is defined as the per cent of plastic reduction 
in cross-sectional area at the root of the notch. If the total strain 
had been used as the abscissa, the curves would have various slopes, 
depending on the notch radius, and thus would be difficult to repre- 
sent for convenient comparison. The use of the plastic strains 
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eliminates this difficulty, but gives essentially the same shape of 
stress-strain curve. For the purpose of computing these quantities, 
it is necessary to know the original area, or the diameter, of the 
cross section at the root of the notch. This diameter was determined, 
as in previous tests (1), with the aid of micrometers with one chisel- 
shaped anvil. 

The two principal quantities discussed in this paper are the 
“notch strength’, i.e., the average longitudinal strength of the notched 
section, and the “notch ductility”, i.e., the per cent reduction in cross- 
section at the root of the notch (or contraction in area) at the 
breaking point. The “fracture stress’ is the ratio of breaking load 
to the area of the notched section after failure. As “notch strength 


ratio,” the ratio of notch strength to regular tensile strength (strength 
level) is introduced. 


’ HE 


ments 


Fig. 5—Specimen Used for Concentric Loading Tests. 


ParRT | 
CONCENTRIC NOTCHED BAR TENSILE TESTs 
AND THE EFFEcTs oF NotcH Raprius 


Test Procedure—In this investigation, the scattering influence 
of eccentricity was kept at a minimum (a) by the use of special 
accuracy in the final machining of the specimens, and (b) by testing 
the specimens in fixtures which were designed and constructed with 
the primary objective of obtaining concentricity of loading. 

Button-head specimens, Fig. 5, were used instead of the threaded 
end specimens for which the earlier fixtures were adapted. These 
were ground to size on the cylindrical surface, so that they had a 
snug fit in split adapters. Also, the surface under the head was 
ground to a plane surface perpendicular to the cylindrical surface. 
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The use of button-head specimens, prepared with the above pre- 
cautions, eliminated errors arising from the difficulty of making 
accurate and reproducible threads to fit the adaptors. 

The concentric test fixtures, Figs. 6 and 7, employed several 
features not present in earlier fixtures, all of which probably con- 
tributed to the observed improvement in concentricity of loading. 
Highest accuracy was extended to those parts of the fixtures which 





Fig. 6—Fixtures for Concentric Loading with 
Specimen and Transverse Strain Gage in Place. 


connected the specimen to the balls at each end. The fixtures were 
made from a non-deforming steel in such a way that the centers of 
the balls were as nearly in line with the axis of the specimen as is 
possible with regular machining equipment. This was accomplished 
by careful machining, including grinding and lapping, where neces- 
sary. 
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However, the condition obtained by the best possible machining 
is not sufficient to produce concentricity of loading because it is pos- 
sible to have a bending moment in the specimen. Such a condition 
arises as a result of a misalignment of the parts at the beginning of 
the test, which cannot be entirely eliminated because of the friction of 
the balls. To remove the possibility of such an initial misalignment, 
the parts of the fixture were made to slide on guide rods, which per- 





Fig. 7—Experimental Setup for Measuring Ec- 
centricity of Loading. 


mitted freedom of motion parallel to the axis of the specimen, but 
which prevented any misalignment.* 


In the earlier fixtures the ball seat consisted of a shallow spherical 


‘The smoothness of the various load-deflection curves (see Fig. 4) is an indication of 
the fact that the fixtures did not stick on the guide rods during the test. Some difficulty 
in this respect was encountered in early tests because the rods were scored by very small 
burrs on the edges of the holes. Careful stoning of the corners removed this difficulty 
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recess of the same radius as the ball. After several tests had been 
made, flattened places were observed on the edges of the ball seats. 
These were apparently caused by the hammering effect of the ball 
at the moment of breaking of the specimen, and had the effect of 
shifting the effective position of the ball seat. In the new fixtures 
used for this investigation, the possibility of damaging the ball seats 
was precluded by using a special part for the seat, with a deep 
cylindrical recess just fitting the ball. With this type of arrange- 
ment, the ball could never bear against the seat in any other position 
but the concentric position. 
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Huggen. 
Extensometer 
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a 8—Examples of 
Stress-Strain Curves for 
Opposite Sides of Button 
Head, Tensile Test Speci- 
mens Loaded in the te 
Concentric Test Fixture. 


The amount of eccentricity likely to be caused by the fixtures 
was again determined by measurements on three specimens prepared 
for this purpose.* They were 7 inches long and were provided with 
circumferentially scribed lines, 0.997 inch apart, to serve as seats 
for the knife edges of the extensometers, see Fig. 7. The stress- 


strain curves of various elements of the test bars were practically 
8See Appendix I. 
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identical, Fig. 8, resulting in eccentricities of less than 0.001 inch 
for all three specimens. 

In each series, the radius was varied from zero (sharp notch) 
to infinity (unnotched specimen) in steps that were determined by 
available sizes of piano wire and drill rod used for lapping the radius 
to its final size. 
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Fig. 9—Effect of Notch Radius on the Notch 
Characteristics of Heat Treated S.A.E. 3140 Steel. 

The notch strength, the notch ductility, and the fracture stress 
were determined in each test, if possible. The results are represented 
in various manners in Figs. 9 and 10. The notch strength values 
obtained by the new method scatter considerably less than results of 
earlier tests. Whereas previously the notch strength varied by + 30 
per cent from a mean value for a 50 per cent sharply notched test 
specimen of 250,000 pounds per square inch strength level (1), in 
the present investigation, the variations in notch strength did not 
exceed + 8 per cent for the same conditions, Fig. 9. This greater 
consistency of results must be caused by the concentricity of loading 
and the elimination of surface effects, thus confirming the opinion 
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that the earlier scattering was due to a lack of control of these 
variables. The previously observed scattering increased with increas- 
ing brittleness. The magnitude of scattering of the present results, 
however, is apparently independent of the brittleness, but it is caused 
rather by the generally expected variations in composition and 
homogeneity. 
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Fig. 10—Effect of Notch Radius on the Fracture Stress 
of Notched, Heat Treated S.A.E. 3140 Steel. 


The notch ductility values, however, still scatter widely (Fig. 9), 
showing as much as + 50 per cent deviation from a mean value, 
even for the 145,000 pounds per square inch strength level. These 
variations cannot be ascribed to errors in the strain gage, since such 
errors are negligible in comparison, as shown by the consistency of 
the points on the load-deflection curves. Apparently, even though the 
notch strength is quite consistent, the amount of strain up to the 
breaking point is highly dependent upon factors which have not been 
discovered and controlled as yet. 

The stresses and strains during each test were determined as 
previously discussed. From the stress-strain curves, see Fig. 14, 
the yield strength values for various strains were taken, see Fig. 16. 
It was evident that the scattering of the yield strength values, i.e., 
variations in the shape of the stress-strain curve, is greatest for 
both the smaller strains and for the higher strength levels, being as 
high as + 20 per cent for 0.1 per cent strain and 240,000 pounds 
per square inch strength level. Even for the 190,000 pounds per 
square inch strength level, the variations in the shape of the stress- 
strain curve for a given notch radius are as great as the variations 
due to a change in radius from zero to 0.062 inch. The significance 
of these variations will be discussed later. 
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EXPERIMENTAL RESULTS 


Regarding the effects of the radius at the notch bottom, it is 
known that the stress distribution during elastic straining (2), or the 
stress concentration at the notch bottom, is decidedly influenced by 
the radius, or rather by the ratio of the radius to the outside diameter, 


Stress Concentration Factor 





Fig. 11—Effect of Notch Radius on the Stress Concentration in a Flat Notched 
Bar. (Derived from Frocht). 


other factors being constant, Fig. 11. The effect of radius on the 
results of notched bar tensile tests, however, apparently has not 
attracted any attention as yet. 

The effect of radius on the notch strength and notch ductility 
for the four investigated strength levels is illustrated in Fig. 9. In 
order to represent all radii from zero (sharp notch) to infinity (no 


notch), an abscissa scale was used in which the quantity ec 


(r in inches) was plotted as uniform scale. Whether this quantity 
has any physical significance is not known. 

The notch ductility varies with both strength level and notch 
radius, being smaller in general for smaller radii and higher strength 
levels. Regarding the variation with notch radius, there is little 
change for notch radii between zero and #5 inch. Above 4 inch 
radius, the ductility begins to increase more and more rapidly, 
approaching the value of 50 to 60 per cent for the unnotched condi- 
tion. For the 240,000 pounds per square inch strength level the 
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ductility increased gradually and continuously with radius from about 
0.3 per cent to about 1.5 per cent. For the lower strength levels 
there is apparently a minimum in the ductility for a radius of ap- 
proximately 0.005 inch. 

For a notch of infinite radius (unnotched bar) the notch strength 
is, of course, identical with the tensile strength. With decreasing 
radius, the notch strength gradually increased above the tensile 
strength to a value as much as 50 per cent greater than the tensile 
strength. For all three investigated strength levels, such a maximum 
value was reached for a notch radius of approximately 0.031 inch. 
With still smaller notch radii, the notch strength decreases again by 
amounts which become greater for higher strength levels. This 
decrease, which is caused by the embrittling effect of the sharper 
notches, can be more readily compared for different strength levels 
by using a representation in which the notch radius is plotted against 
the “‘notch strength ratio” (or ratio of notch strength to tensile 
strength), Fig. 9. This figure illustrates for the two lower strength 
levels, 145,000 pounds per square inch and 190,000 pounds per square 
inch, the small decrease in notch strength with decreasing notch 
radius, which is nearly the same for both strength levels, while the 
notch strength for the 240,000 pounds per square inch strength level 
decreases markedly with decreasing radius. Thus the embrittling 
effect of sharp notches is insignificant for strength levels up to 
190,000 pounds per square inch but very pronounced for a strength 
level of 240,000 pounds per square inch. 

This decrease in notch strength with decreasing notch radius 
in the vicinity of zero radius is not sufficient to account for the 
scattering of previous results (1), even for the 240,000 pounds per 
square inch strength level. In earlier tests the radius might have 
varied between zero and as much as 0.0005 inch. This would explain 
a scattering of only + 2 per cent, whereas the previously observed 
variations were as much as + 35 per cent. 

As observed previously, values of notch strength ratio below 
1.0 are definitely connected with the variations in notch ductility. 
As long as the ductility is above 2 per cent, approximately, the 
notch strength for a fairly sharp notch (zero to #5 inch) radius is 
40 to 50 per cent higher than the ultimate strength, such as for the 
145,000 pounds per square inch and 190,000 pounds per square inch 
strength levels. If the ductility is less than about 2 per cent, the 
notch strength falls below ‘this ideal value by amounts which are 
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greatest for the sharpest notches, which in turn yield the lowest 
values of notch ductility. 

The fracture stress, defined as the breaking load divided by the 
cross-sectional area at the moment of failure, is represented in Fig. 
10. The curves clearly demonstrate that this fracture stress has no 
simple physical meaning. If the notch ductility again exceeds the 
value which is the dividing line between the notch-brittle and the 
notch-ductile conditions, the fracture stress depends only slightly 
upon the notch radius. However, all conditions, including the con- 
dition which has a strength level of 240,000 pounds per square inch, 
exhibit a definite maximum of fracture stress if the notch radius is 
approximately 74g inch. This cannot be explained at present. With 
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Fig. 12—Effect of Notch Radius on Elastic Contraction of the 
Notched Section. 


small notch radii, the fracture stress of the steel having the high 
stress level is very considerably reduced, obviously because of the 
presence of the high initial stress concentration. The effect of this 
stress concentration on the fracture stress, however, is almost com- 
pletely eliminated if a strain of as little as 2 per cent precedes the 
failure. 


THEORETICAL RELATIONS 


The increase of strength, above the value of the tensile strength, 
by notching has been ascribed to the development of transverse 
tension which restricts the flow of the metal under the action of the 
applied longitudinal tension (1). This conception is confirmed by 
a study of the elastic characteristics of the notched section of the 
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test bars provided with notches of various radii. If the inverse slope 
of the stress-strain curve for a notched bar, see Fig. 4, i.e., the 
ratio of the average transverse strain to the average longitudinal 
stress, is determined for low loads where the stress-strain curve is 
straight, within the limits of accuracy the inverse transverse modulus 
is obtained, Fig. 12. This value depends upon the elastic modulus, 
and Poisson’s ratio of the steel, and also upon the average transverse 
stress in the notched section (7), (8). The experimental values in 
Fig. 12 scatter considerably, because of the limited sensitivity of 
the transverse gage, which was designed primarily for the measure- 
ment of small plastic strains, i.e., of strains at least 10 times as large 
as the greatest elastic strains. However, the large number of tests 
determines a sufficiently definite trend of the curve of inverse trans- 
verse modulus versus notch radius. The presence of transverse 
stress reduces this specific elastic contraction from the ratio of 
Poisson’s constant (m = 0.28 approx.) to elastic modulus (E = 
30,000,000 pounds per square inch approx.), or 9 x 10° square 
inches per pound, for the unnotched bar to a fraction of this value 
for a sharply notched bar. This is caused by the restraint of con- 
traction by the transverse tension. Fig. 12 shows that the average 
transverse stress in the notched section is practically the same for all 
notch radii below 35 inch. The value of the inverse transverse 
elastic modulus 1/Ey in this range of notch radii (for a 50 per cent 
notch) is, on the average, 19 per cent of that of the inverse transverse 
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Sr “4 

St 1-0.284 
Thus, for the investigated sharp notches, an average transverse 
stress (Sy) of approximately 32 per cent of the applied longitudinal 


stress (S,) results from this conception. If the metal flows under 
a constant shear stress: 








(0.284 — 3 x 10° X 0.19 X 10°) = 32 per cent 


Si -Sr Sn 


t= — 


2 2 
where Sn is the flow stress in pure tension, the longitudinal stress 
required to stretch the notched section would be 


1=Sn+ Sz, 
or a value equal to the sum of the stress in pure tension plus the 
transverse stress. In the present case, this would mean that 1.47 
times the stress in tension is necessary to stretch correspondingly 
the notched bars. 

This relation readily explains the effect of sharp notching on the 
tensile strength, Fig. 9, provided that the notch ductility is sufficiently 
high. In such a case, the notch strength is only a particular value 
of the longitudinal stress, determined by identical differential relations 
between strain-hardening and reduction in area as those of un- 
notched bars (1). It is particularly interesting that the plastic 
flow preceding the point of maximum load does not reduce 
materially the magnitude of the transverse stress. The shape of 
the notch strength versus notch radius curve for sufficiently ductile 
specimens is thus also accounted for by the presence of a trans- 
verse stress, proportional to the difference between notch strength 
and tensile strength. Consequently, there is little change in the 
magnitude of transverse stress with notch radius up to a radius 
of #5 inch. 

On the contrary, the measurements of elastic stress have 
established definitely the presence of a stress concentration, or 
stress-peak, which increases tremendously if the notch radius 
decreases to small values, Fig. 11. Thus, this stress concentration 
has only an insignificant influence on the notch strength as long 
as the notch ductility is sufficiently large. Evidently the large plastic 
strain occurring before failure, for low strength levels, is sufficient 
to cause a redistribution of the stress, resulting in a more uniform 
distribution, which differs only little for various, but small, notch 
radii. 
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On the other hand, the stress concentration must be responsible 
for the loss of notch strength for the 240,000 pounds per square 
inch strength level in the region of small radii. Under these 
conditions the inherent lack of ductility of the metal makes it 
impossible to even out the nonuniform stress distribution before 
failure, and consequently the specimen breaks at a lower average 
stress than would be present for a uniform stress distribution. 
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Fig. 13—The Effect of Strength Level and 
Notch Radius on the Notch Strength and Notch 
Ductility of S.A.E. 3140 Steel Specimens with 50 
Per Cent Notches. 


The effects of strength level on the notch strength and notch 
ductility can be perceived more readily by using a representation 
in which these quantities have been plotted against the ultimate 
tensile strength of an unnotched bar of the same material, Fig. 13. 
The notch ductility varies almost linearly with strength level, be- 
coming very small at 250,000 pounds per square inch for all radii 
up to 35 inch. 

As discussed previously, variations in the notch ductility are 
reflected in the notch strength. For the 0.062-inch radius, the notch 
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strength is nearly 50 per cent greater than the ultimate or tensile 
strength, even for the highest strength level. This behavior is 
characteristic of steels with a high notch ductility ; and consequently 
the conditions represented by the straight line with the slope of 
1.5 are described as “ideal’’ with regard to ductility. 

The notch strength for each of the smaller radii deviates 
from the “ideal” condition at strength levels which are smaller 
for the sharper notches. The progressive deviation from the 
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Fig. 14—Stress-Strain Curves for Notched Bar Tensile Tests Showing the 
Effect of Strength Level and Notch Radius. 


ideal condition is characterized first by a gradual decrease in the 
slope of the curve from 1.5 to zero, then to negative values, re- 
sulting in an actual decrease of. notch strength with increasing 
strength level, and finally, a condition where the notch strength 
becomes less than the ultimate strength. This latter condition 
occurs for the 0.000-inch radius at a strength level of 220,000 
pounds per square inch (for S.A.E. 3140 steel). 


STRESS-STRAIN CURVES 


The two main factors discussed previously that influence 
the notch characteristics, namely, the presence of an average trans- 
verse tension and an uneven distribution of longitudinal stress in 
the elastic state, are also responsible for the “stress-strain” char- 
acteristics of notched tensile test bars in the semiplastic and 
plastic range, Fig. 14. 
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The effect of the notch radius on the shape of the stress- 
strain curves may be observed readily for the lowest strength level, 
but the variations for the higher strength are so large that they 
obscure the effects of notch radius. For the 190,000 pounds per 
square inch strength level, for example, there is almost as much 
variation between two curves for zero radius or between two 
curves for 0.062-inch radius as there is between two curves one 
of which is for zero radius and the other for 0.062-inch radius. 
The cause of these variations is not known definitely, but a possible 
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Fig. 15—Strain Hardening Characteristics of S.A.E. 3140 
Steel Having Various Strength Levels. 


explanation is the presence of residual quenching stress in oil- 
quenched and tempered steel (9). The magnitude of the residual 
stress decreases considerably with the increasing tempering tempera- 
ture or decreasing strength level; and it can be assumed that varia- 
tions in residual stress also decrease simultaneously. The presence 
‘ of such varying residual stress, superimposed upon the elastic stress 
distribution, readily accounts for variations in the stress-strain re- 
lations corresponding to the magnitude of the residual stress. 

According to the previously discussed conceptions, the shape 
of each stress-strain curve should depend upon the following 
factors: 

1. The stress concentration factor 

2. The average transverse stress 

3. The strain hardening characteristics of the steel 

4. The residual stresses 

The high longitudinal stress at the bottom of the notch, or 
the “stress peak”, is primarily responsible for the shape-of the 
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stress-strain curves in the early part. When the stress peak reaches 
the yield strength of the metal at the bottom of the notch, plastic 
flow occurs in that region. Consequently, the stress-strain curve 
begins to deviate towards higher strains at a low average stress, 
and this effect continues to a greater extent as a larger proportion 
of the metal at the notch bottom undergoes plastic strain. Since 
the stress concentration factor is higher for the sharper notches, 
the bending off of the stress-strain curve is more pronounced and 
begins at a lower load for the sharper notches. 
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Fig. 16—Variation of Yield Strength Values with 
Strength Level and Notch Radius. 
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The transverse tension in the notched section affects not only 
the elastic part of the stress-strain curve, but it also has a pronounced 
effect on the rest of the curve. If transverse tension is superimposed 
upon longitudinal tension, a higher stress is required to produce 
a given amount of plastic flow. Thus the entire curve tends to be 
higher than would be the case if no transverse stress were present. 

The strain-hardening characteristic of the unnotched metal, 
as it exists in the three conditions of strength level investigated, 
are represented in Fig. 15. For the sake of comparison, the ordi- 
nates have been brought to a common basis by dividing the stress 
for a given strain by the tensile strength of the metal. Fig. 15 
shows that the metal having the intermediate strength level strain 
hardens little by small plastic strains, whereas the metal having 
either a low or a high strength level strain hardens to a considerably 
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greater degree. These two strength levels differ primarily in the fact 
that the metal of highest strength level does most of its strain- 
hardening for strains less than 2 per cent, while the metal of 
lowest strength level strain hardens little in this region. These 
differences in strain hardening characteristics among the various 
strength levels should influence the ordinates of the stress-strain 
curves for a given strain, but probably to a considerably smaller 
degree than the presence or absence of transverse stress. 





Fig. 17—Tensile Test Fixtures for Producing a Controlled 
Eccentricity up to 1.5 Inches. 


The yield strength values for the sharply notched bars clearly 
decrease with increasing strength level, Fig. 16. Also, the scattering 
of the values or their deviation from a trend curve increases with 
the strength level, as previously discussed. These two phenomena 
can be explained only by the presence of residual quenching stresses, 
the magnitude and variations of which decrease with ‘increasing 
tempering temperature or decreasing strength level. 
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Part II 
Eccentric NoTtcHED Bar TENSILE TESTS 
AND THE EFFECTS OF ECCENTRICITY 


Test Procedure — In order to subject tensile test specimens 
to a definite additional bending load, a new, rather simple fixture 
was developed, Fig. 17. It consisted of a modification of the usual 
ball-seat type, incorporating certain features that made it possible 
to produce different amounts of eccentricity by only minor adjust- 


Tension 


§ 
8 
a| 
8 





TAnsIOn 

Fig. 18—Method of Measuring Ec- 

centricity. (Fixtures Shown in Sone 

gerated Position for Sake of Clearness). 
ments. The common threaded-end test specimen was held between the 
cross members of two rectangular frames, and in each test had 
the same position with respect to the frames. The load was 
applied to the other cross member of each frame by means of a 
hardened steel ball which was seated in a second frame connected 
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with the cross heads of the tensile machine. The hardened balls 
were seated in the frame that held the specimen by means of 
hardened steel seats, which had the same radius as the ball. These 
seats fitted into slots and could be shifted with respect to the 
specimen by means of shims. By using shims of different widths, 
the specimen could be shifted from the axis of loading by amounts 
varying from 0.00 to 1.50 inches. All parts of the fixture were 
made of heat treated, low alloy steel. 

Because of some play between the threaded end and the grips, 
the actual initial eccentricity deviated slightly from that which 
would be determined by the shims of the fixtures, i.e., the nominal 
eccentricity. The initial eccentricity was therefore measured by 


cs ee 


3/4" 


Q50° 035" 
wy 19—Threaded End Specimen with 50 Per 
Cent Sharp Notch Used in Eccentric Testing. 
a method which probably sacrifices some accuracy for the sake 
of simplicity. The results, however, indicate that the accuracy of 
these measurements is sufficient for the desired purpose. The 
measurement of the eccentricity was essentially a correction of the 
nominal eccentricity as determined by the size of the shim placed 
between the ball-seat and the axis of the specimen. The shims 
were ground to size as closely as possible by ordinary machining. 
Since all parts were made very accurately, and since the specimen 
had the same position with respect to the frames of the fixture 
for each test, the only deviation which could occur from the nominal 
eccentricity was caused by improper lining up of the specimen in 
the frames. This resulted particularly from undersize threads on 
the specimen or from other incongruencies in the specimen. To 
determine the actual eccentricity, a bar was clamped across the 
ends of the fixtures to be used as a reference plane. From this 
plane, the distances A and B, Fig. 18, were measured with mi- 
crometers. The eccentricity (a) was then calculated from the 
relation : 
a = (A-—% inch) — (B—% inch) = A-—B 
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In each series of tests, the eccentricity was varied from zero 
(concentric tests) to approximately 0.50 inch, and for a few 
strength levels, to 114 inches. The test bars for the concentric 
tests were of the button-head type, as previously described, while 


those for the eccentric tests were provided with threaded ends, 
Fig. 19. 
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Fig. 20—Stress-Strain Curves Showing the Effect of 
the Angle Between the Plane of the Eccentricity and the 
Direction of Strain Measurement. 


The average transverse strain across the notched section was 
measured during the test by means of the transverse gage, previously 
described. The measurements were made in a direction perpendic- 
ular to the plane of bending. It was intended to use the transverse 
strain at failure as a criterion of the “notch ductility” by calculating 
from it the change in cross-sectional area, or “contraction in area”, 
corresponding to the measured change in diameter. An attempt 
was made to determine the significance of this value and its relation 
to the true contraction in area, or “notch ductility”, by determining 
the stress-strain curves in different directions with respect to the 
plane of bending, Fig. 20. This investigation showed that the 
transverse strain in the plane of bending was much larger than 
the minimum strain perpendicular to the plane of bending, so 
that the contraction in area based on this latter value is always 
smaller than the true contraction in area, which depends on the 
strains in all directions. Consequently, the measured transverse 
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Table IV 


Results of Notched Bar Tensile Tests on S.A.E. 3140 Steel Provided with 50 Per Cent 
Sharp Notches and Oil-Quenched from 1525 Degrees Fahr. 


Initial Notch Contraction in 
Strength Eccen- Notch Depth Notch Contraction Area (Measuring Notch 
Level tricity Diameter Per Strength In Area (Gage) Microscope) Strength 
1000 Psi. In. In. Cent 1000 Psi. Per Cent Per Cent Ratio 
130 0.00 0.354 50 187 at 11.5 1.44 
0.00 0.355 50 187 divwa 11.5 1.44 
0.04 0.348 52 194 1.19* 10.5 1.49 
0.04 0.350 49 188 1.75* 9.0 1.45 
0.08 0.346 50 186 1.35* 10.6 1.43 
0.11 0.347 50 186 0.52* 2 1.43 
0.22 0.348 49 167 2.66* 9.0 1.28 
0.24 0.350 49 172 4.58 10.6 1.32 
0.48 0.347 52 56 1.51 4.0 0.43 
1,44 0.354 50 12 1.14* , 0.09 
145 0.00 0.354 50 211 13.80 9.3 1.45 
0.00 0.348 49 223 5.76 8.3 1.54 
0.08 0.354 50 206 3.39 8.7 1.42 
0.22 0.354 50 152 4.18 8.2 1.05 
0.22 0.354 50 154 1.95 6.1 1.06 
0.46 0.354 50 53 4.33 5.6 0.37 
0.47 0.354 50 54 0.23 5.0 0.37 
0.95 0.354 50 20 0.11 de 0.14 
1.46 0.354 50 14 0.09 7.2** 0.10 
190 0.00 0.348 49 266 3.80 6.2 1.40 
0.00 0.348 49 268 3.89 6.7 1.41 
0.03 0.354 50 258 0.62 5.0 1.36 
0.08 0.354 50 210 1.25 9.8 1.11 
0.21 0.354 50 143 1.34 7 0.75 
0.23 0.354 50 128 0.71 5.0 0.67 
0.46 0.354 50 60 0.14 5.6 0.32 
0.47 0.354 50 56 0.24 6.1 0.30 
1.46 0.354 50 16 0.07 3.8 0.08 
1.45 0< 354 50 13 st dad 0.5 0.07 
240 0.00 0.348 51 210 bes 2.3 0.88 
0.00 0.354 50 183 0.33 3.3 0.76 
0.09 0.354 50 137 0.11 2.6 0.57 
0.22 0.354 50 79 0.00 1.6 0.33 
0.47 0.354 50 30 0.00 2.7 0.12 
1.45 0.354 50 10 0.00 6.1** 0.04 
270 0.00 0.355 49 173 0.19 0.6 0.64 
0.00 0.357 49 182 0.18 1.6 0.67 
0.04 0.345 50 156 0.18 0.6 0.58 
0.12 0.345 50 92 0.03 0.0 0.34 
0.24 0.332 50 51 0.00 0.0 0.19 
0.48 0.351 51 22 0.00 0.0 0.08 





*Gage stopped before fracture. 
**Specimen not completely fractured in test. Broken by hand. 





strain cannot be used as a criterion of the notch ductility for an 
eccentric test, unless the relation between the contraction in area 
and the minimum transverse strain is clarified by further work. 
The notch ductility was determined from the area after failure by 
means of a micrometer microscope for all specimens except button- 
head specimens having small ductility values. For such conceatric 
specimens, the value determined from the reading on the transverse 
strain gage, however, was considered to be more reliable. For ductili- 
ties smaller than 3 or 4 per cent, the measuring microscope gives 
values which are not sufficient!y accurate, because of the inherent 
errors of at least +1 per cent. For larger ductilities, the transverse 
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strain gage is not reliable because of the difficulty of extrap- 
olating to the breaking strain. 

The results of the tests are assembled in Table IV. No attempts 
will be made, however, to evaluate the notch ductility, as further 
tests dppear necessary in order to obtain a more complete conception 
of this characteristic of an eccentric notched bar tensile test. 


Notch Strength, 1000 P§:/. 





SAE. 3/40 
Quenched from 1525 F 
Strengt!? Level 
270,000 P&:/. 
240,000 P&/. 
190,000 P&./. 
146,000 P&.1. 


130,000 P&./. 


Notch Strength Ratio 





00408*012 024 248 10 15 ao 
Initial Eccentricity, Inches 


Fig. 21—-Results of Eccentric Notched Bar Tensile Tests 


on S.A.E. 3140 Steel Specimens with 50 Per Cent Sharp 
Notches. 


EXPERIMENTAL RESULTS 


The values of notch strength and notch strength ratio are 
represented in various manners in Figs. 21 to 26. In order to 
spread the most interesting range of eccentricities, between 0 and 
0.5 inch, an abscissa scale was used for the eccentricity (e) in 
which the quantity e/(.6-+e) was plotted as uniform scale. 
Whether this quantity has any physical significance is not known. 
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Fig. 22—Effect of Strength Level on the Notch Strength 
Ratio of Eccentrically Loaded Test Specimens. 
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Fig. 23—Effect of Eccentricity on the Ratio Notch 
Strength of Eccentric Specimen Divided by Notch Strength 
of Corresponding Concentric Specimen. 


For any strength level, the notch strength decreases with in- 
creasing initial eccentricity and becomes very small if the eccen- 
tricity is very large, Fig. 21. The most interesting range of. ec- 
centricities is that from zero to % inch. In this range, the notch 
strength of high strength levels decreases rapidly with increasing 
eccentricity, while that of the lowest investigated strength level 
is affected only slightly. Consequently, at an eccentricity of 1% inch, 
the lower the strength is, the higher the notch strength becomes. 
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Fig. 24—Effect of Strength Level on 


the Ductility of 50 Per Cent Sharp Notched 
Specimens Tested Concentrically. 
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Fig. 25—Effect of Strength Level and Eccentricity on 
Notched Bar Tensile Tests of S.A.E. 3140 Steel Specimens 
with 50 Per Cent Sharp Notches. 


This holds true for higher eccentricities also, but the absolute 
values of notch strength are then rather small for all strength 
levels, and their differences cannot be determined accurately. 
The notch strength ratio, Fig. 22, of concentric test specimens 
is almost constant for strength levels below 200,000 pounds per 
square inch, and above this limit it decreases with increasing 
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strength level, as previously discussed. For eccentricities above a 
small amount, say more than 0.10 inch, however, the notch strength 
ratio increases continuously with decreasing strength level, Fig. 22. 
The above relations may be illustrated further by the ratios of the 
eccentric to the concentric notch strengths, Fig. 23. This representa- 
tion shows, beyond the relations discussed, that the strength-de- 
creasing effect of eccentricity on steels having very high strength 
levels only slightly increases with the strength level. 
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Fig. 26—Effect of Notch Ductility on the Notch Strength Ratio of 
Eccentrically Loaded Specimens, Using Contraction in Area of the Con- 
centrically Loaded Specimens as the Criterion of Notch Ductility. 


Such high strength levels are characterized by very small 
values of notch-ductility. According to the investigations with 
concentric loads, the notch ductility of the heat treated steels de- 
creases with increasing strength level, almost linearly, Fig. 24, and 
becomes very small if the strength level reaches approximately 
200,000 pounds per square inch. The notch strength is nearly 
proportional to the ultimate strength at strength levels below this 
limit, but decreases with decreasing notch ductility if the notch 
ductility is very small, or the strength level high, Fig. 25. Thus, 
in the high strength range, the (concentric) notch strength is 
primarily a function of the notch ductility. However, the values 
of notch ductility being very small, the relation between notch 
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ductility and notch strength would be difficult to establish accurately. 
On the other hand, if the eccentricity is high, the notch 
strength (and the notch ductility) decreases continuously with 
increasing strength level, Fig. 25. This is true, for the investigated 
steel, if the eccentricity is anywhere over ;4; inch; while at lower 
eccentricities the notch strength still exhibits a maximum at a 
certain strength level, which is lower the higher the eccentricity. 
Thus, the experimentation on sharply notched tensile-test bars 





145,000 P§./1. * 
Strength Level 


Eccentricity Under Load, inches 


O - 4 8 12 16 
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Fig. 27—Change in Eccentricity with Pro- 
essive Strainin of Eccentrically Loaded 
otched Tensile Test Bars. 


has revealed, so far, two interesting relatiéns. First, the strength 
level which exhibits the maximum strength, if sudden section 
changes are present, is approximately 200,000 pounds per square 
inch, or much lower than the maximum tensile strength of approx- 
imately 300,000 pounds per square inch attainable with such steels. 
Second, if the strain is not pure tension, but bending is super- 
imposed, the heat treated steel may exhibit a higher actual strength 
the lower its strength level is. 

These relations are more clearly represented if the notch 
strength ratio is plotted versus the notch ea of the concentrically 
tested specimens, Fig. 26. 
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As previously discussed, the notch strength ratio was not 
affected by eccentricities up to % inch, if the notch ductility was 
sufficiently large, say over 15 per cent. 

For such high ductility steels, the previously observed law ap- 
plies, that the notch strength ratio is constant. For ductility values 
less than 13 per cent, however, the notch strength deviates from 
this law, the deviation being greater, the lower the notch ductility 
(or the higher the ultimate strength), and the larger the eccentricity. 
This results in notch strength ratio versus notch ductility curves of 
varying shapes. The intermediate range of eccentricities, eg. % 


’ Notch Strength Ratia 





OQ 
O 2205 10 20 &0 
Final Eccentricity, In. 


Fig. 28—Theoretical Relation Between 

Notch Strength Ratio and Final Eccen- 

tricity. 
inch, is particularly interesting, as the notch strength ratio increases 
progressively with increasing notch ductility, and becomes, therefore, 
a suitable measure for the notch ductility. Regarding the very high 
strength levels, possessing a notch ductility of less than 1 per cent, 
the results obtained so far are not quite conclusive. Theoretically, 
the notch strength ratio should still be a suitable measure for small 
ductilities, as long as unnotched specimens fail in a ductile manner. 
Such curves for small eccentricities show an effect of ductility only 
if the notch ductility is small, while the notch strength ratio for very 
high eccentricities, e.g. % inch, is small and difficult to measure 
accurately. 

Thus, it appears that such a test presents a possibility of measur- 
ing the notch ductility both in a more simple and more accurate 
manner than any conceivable strain gage. This conclusion, probably, 
has considerable practical significance. At present, it appears that 
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Fig. 29—Theoretical Relation Between 
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Fig. 30—Theoretical Relation Between 
Notch Strength Ratio and Ductility. 


the evaluation of a steel based on the very high values of the con- 
traction in area in regular tensile tests is entirely misleading, while 
the notch ductility is representative for its practically useful ductility. 
The eccentric notched bar tensile test now offers a simple method 
for accurately measuring this ductility. 


THEORY OF THE EcceENtTRIC NotcHepD Bar TENSILE TEsT 


The above relations between notch ductility and eccentric notch 
strength can be explained readily. In an eccentric test, any plastic 
flow in the notched section (or anywhere else) will reduce the 
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eccentricity. Consequently, the test does not reveal the notch strength 
for the initial combination of tension and bending, but for a final 
combination where the bending load is only a fraction of the initial. 
In order to prove this conception, the changes in eccentricity during 
such tests were measured by the previously described method, see 
Fig. 18, after various increments prestraining. These changes are 
illustrated in Fig. 27 for a number of test bars. They show clearly 
the large decrease in eccentricity caused by the small plastic deforma- 
tions in the notched section. 

Thus, the curves notch strength versus initial eccentricity, Fig. 
21, would represent the notch strength as a function of the actual 
eccentricity at the moment of failure only if the notch ductility is 
zero. If the notch ductility is very small, i.e., at high strength levels, 
the curves’ notch strength versus eccentricity will be affected only 
slightly by changes in ductility; while for the lower strength levels, 
eccentricities within a certain range are completely eliminated 
before failure, and within this range the notch strength becomes 
practically independent of the initial eccentricity. If the ductility is 
larger, the horizontal branch of the curve notch strength versus 
eccentricity becomes longer. 

Attempts were made to develop theoretical conceptions regard- 
ing the strength of a metal which is being subjected to an eccentric 
tensile load. The treatment of a notched bar is too complicated, 
even if the stress and strain relations were known. However, the 
conditions in a notched bar eccentrically loaded may be simulated by 
considering an unnotched bar with a short length at the center in 
which the plastic flow is localized; and introducing further: simplify- 
ing assumptions, the strength of a bar subjected to an eccentric 
tensile load can be calculated as a function of the amount of eccen- 
tricity.° Various curves, Fig. 28, were obtained by such a method, 
for metal conditions characterized by a constant strength level, 
150,000 pounds per square inch, and a ductility varying between 0 and 
30 per cent. The ductility is defined hereby as the maximum, longi- 
tudinal, plastic strain at failure. 

These theoretical curves for various ductilities differ only 
slightly, as the strength was calculated as a function of the final 
eccentricity. This eccentricity is smaller than the original, because of 
bending of the specimen and the tilting of the test fixture, and can 
be calculated also on the basis of the previously introduced assump- 


®See Appendix II. 
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tions. Thus, finally the strength can be obtained as a function of 
the initial eccentricity and the ductility of the metal. Such curves, 
Fig. 29, possess fundamentally the same trend as the experimental 
curves, Fig. 23, and this can be considered as a proof for the validity 
of the assumptions used in the theoretical analysis. This agreement 
of experimental results and theoretically derived values also applied 
to the representations of notch strength versus ductility, see Fig. 30 
and 26. It is not possible, as yet, to evaluate the actual stress and 
strain distributions in notched specimens subjected to plastic flow. 
However, the results of the analysis also indicate that any average of 
the strains over the cross section, such as the contraction of area, can 
be considered as a suitable criterion of ductility under the most 
severe stress conditions which can be controlled and tested at present. 


SUMMARY AND CONCLUSIONS 


1. In order to obtain reproducible results of notched bar tensile 
tests on high strength, low alloy steels, the testing conditions must 
be controlled considerably more closely than usual in the testing of 
materials. This should apply also to the tensile testing of any 
brittle metal. 

2. The results of the notched bar tensile tests confirmed 
previously drawn conclusions that a sharp not¢h embrittles severely 
any heat treated steel. The ductility of notched tensile test bars 
decreased continuously with increasing strength level and became 
very small if the strength exceeded 200,000 pounds per square inch. 
The strength of a notched bar, possessing an average ductility of 
more than a few per cent in the notched section, was considerably 
higher than the ultimate strength, primarily depending upon the 
notch depth. On the contrary, the notch strength of a metal pos- 
sessing a low notch ductility may be considerably lower than the 
ultirhate strength. 

3. The investigation of a steel heat treated to various strength 
levels and provided with notches of various radii revealed that the 
notch strength characteristics of a metal are complex functions of 
several fundamental factors: 

(a) The stress peak at the notch bottom is eliminated grad- 
ually by plastic flow. This explains that the tensile strength and 
fracture stress of notched steel bars are adversely and severely 
affected by a sharp notch only if the notch ductility is low. The 
stress concentration also accounts for the low yield strength and 
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the smooth stress-strain curves of sharply notched bars. 

(b) The magnitude of the transverse stress, or triaxiality, 
present in the notched section, depends little upon the notch 
radius, unless the fillet becomes very shallow. This explains 
that extremely high notch strength values can be obtained in test 
bars of high strength steels provided with a smooth, deep notch, 
which consequently possess a low stress concentration and suffi- 
ciently high ductility. 

(c) The presence of residual stresses, the magnitude of 
which increases with increasing strength level, accounts for the 
fact that the yield strength ratio of a sharply notched bar is 
lower and scatters more the higher the strength level. 

(d) The stress-strain and other conventional characteris- 
tics obtained by means of a regular tensile test have no relation 
to the behavior of a metal subjected to nonuniform, triaxial 
tension. 

4. The superposition of a bending moment during a notched 
| bar tensile test yielded results which can be explained by the follow- 
| ing conceptions: 

) (a) The strength of a brittle material decreases rapidly 
| 

{ 





with the magnitude of a superimposed bending moment. 
(b) In a ductile material, the bending moment caused by 
eccentricity of loading decreases during the plastic flow to an 


| extent determined by the ductility of the material. 
(c) A material possessing a certain ductility will possess 
; a practically constant (notch) strength if the eccentricity does 


. not exceed a certain value. 

. (d) These relations permit to select an eccentricity which 

will range the notch strength values of various conditions of a 
heat treated steel according to their ductility. 


APPENDIX I 


DETERMINATION OF ECCENTRICITY 
From Loap-ExTENSION DIAGRAMS 


Consider a cylindrical bar of a given radius (r) subjected to a 
tensile load (P) acting at an eccentricity (a), see Fig. 18. This will 
cause a maximum tensile stress (S,) at a position (1) at the surface 
closest to the direction of tension and a minimum stress (S,) at a 
position (2) at the surface diametrically opposite to the first position. 
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In the elastic state, the stress distribution is linear, the stress at any 
point consisting of two components, caused by the tensile load (P) 
and the bending moment, M = Pa, respectively. Thus, the maximum 
stress is: 
Pp Par 
3=— + > (1) 
3 2 
where A = ar’, and I = ar*/4. 
Considering that: 


A 
the following relation results: 
vr «€6S.—S. 


a>—: (3) 
P 8 


If strain measurements are made at positions 1 and 2, curves 
representing the load (P) versus the strain gage readings, A, and 
A. respectively, are obtained. For a gage length of 1 inch, the 


corresponding strains, e, and e,, are, on the one hand: 
e: = K,A,, ee = K:A; (4) 
where K, and K, are the two gage constants, and on the other hand: 
aE = S:,e:E = S; (5) 


where FE is the modulus of elasticity. Let the slopes of the curves 
P versus A, and P versus A, be: 


a: = P/A,,a:= P/A; (6) 
From equations (4), (5), and (6), the stresses become: 

S: = PE (K:/a:), S: = PE (Ko/az) (7) 
And substituting (7) into (3) yields the final relation: 


rr 


a=E oe (8) 


Although equation (8) applies only to a plain cylindrical bar, 
it may be applied to a notched bar approximately by using an “effec- 
tive” diameter (2r), which is the mean diameter over the gage length. 
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Fig. 31—Assumed Testing Setup for 
Theoretical Analysis. 


APPENDIX II 
THEORETICAL ANALYSIS OF A NOTCHED TENSILE 
Test SPECIMEN SUBJECTED To Eccentric LOADING 


The object of these calculations is the determination of the 
strength (N) of a test bar subjected to a tensile load (P) acting at 
a certain initial eccentricity (a,), Fig. 31. In order to simplify the 
problem, the test bar shall behave according to the assumptions 
listed in Table V. The solution applies to a prismatic bar provided 
with a notch of infinitely small depth; but should represent also 
qualitatively the conditions present in a deeply notched, cylindrical 
tensile test bar. The (notch) strength of the prismatic bar, for 
concentric loading, is equal to its regular tensile strength or flow 
stress (K), since there shall be no strain hardening, and the notch 
strength ratio (Y) shall be therefore defined as Y = N/K. Fora 
probable linear distribution of the strain (e) over the cross section, 
the stress (S) distribution may be one of three cases, Fig. 33. 


Table V 
List of Assumptions, See Fig. 31 


i 
| 
' 





Constant flow stress, K. 

Rigid fixtures. 

Square cross section. 

No distortion of cross section. 

Zero friction at the ball surfaces. 

Maximum elastic deflection along length m. 
Plastic flow restricted to length s. 

Eccentricity constant over the length m. 

Metal fails when plastic strain reaches ductility R. 


CPBPLP LEYS | 
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Case I. The first part of the notch strength ratio versus initial 
eccentricity curve, corresponding to Case I of Fig. 33, is horizontal, 
since the notch strength ratio is unity. The final eccentricity is zero, 
but the initial eccentricity depends upon the strain distribution. The 
bending strain at the surface is half the difference of the edge strains 





K 
R+—-—e 
or a __. This is related to the radius of curvature, r,, of 
the portion S, Fig. 31, by: 
K 
R+—-— es 
E d 
nehpminnes GEE 65 5 « 6.4 n'y o0.cg.cbdbchesbienhe ne eee (caabaweeakinn (1) 
2 2rs 
The corresponding angle, ©,, subtended by the arc s, Fig. 32, is: 
s 
Fe OOOO KC OD AOOASONM4 OS OMS COPR EKER RADE SOD +O RACER OOH (2) 


Ts 
Solving (1) for r, and substituting in (2): 


s K 
.--(r+—~«) engs oLateeee ieee ett aehss <ibcaiten (3) 
d E 





Fig. 32—Diagram of the Change in Ec- 
centricity Due to Curvature of the Specimen 
and Displacement of the Fixtures. 
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Since the final eccentricity is zero for Case I the stress distribution 
is uniform in all parts of the specimen. By assumption 6, Table V, 
the strain is elastic in the region m, and thus the strain distribution 
will be uniform. Then the bending is zero in region m and ©, = 0. 
By the geometry of Fig. 32: 


PO OW 5 ddes che vcenchdawaccebbideesvabarcvussnivetaca (4) 
Substituting O,,—0, (4) becomes 

DRS ccnvacesbs cdedne selec cechaekeeveninetestehckedinhée see (5) 
The angular displacement of the fixtures is then Se and from the 


2 


schematic diagram of Fig. 32, the initial eccentricity can be calculated 
as a function of the final eccentricity. From the figure: 


m—s 98 8 Qe 
) sin — + a + m sim — = ——__.L... cece eee (6) 
2 2 2 


cos — 








For small values of ©: 


8 n9 
a a a a io aos Vadis ddan cuseceacede bene (7) 
4 2 
’ ee eT 


r 1 +e I 
& Me + Me Ne 
pod eee ate yaa" 


Case I Case I are 
Possible Distributions of Strain 
9 F- 
ed I 
_—_ O—ested 1. S |/+——a eet 
Case! Case I 


Possible Distributions of Stress 


Fig. 33—Various Possible leicann of Stress and Strain Distributions 
in an Eccentrically Loaded Bar 


The limiting initial eccentricity for the horizontal part of the 
notch strength ratio versus eccentricity curve is determined by a 
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strain distribution at the limit between Cases I and II, Fig. 33, 


r 








where e, =F E being the modulus of elasticity. Then (3) becomes : 
sR 
5 Chae Sebby Ce cwcce cabtaccdat cset. as diieeraetesnan (8) 
d 
Noting (5) and substituting © in (7): 
sR m—s nsR 
a= ) + bathe’ Sa akee Hh ears 2s 4s Cee we Pee (9) 
d 4 2d 


The dimensions of the fixture and specimen used in the experi- 
mental work are approximately : 


s = 0.25 inch 
d = 0.50 inch 
m = 1.70 inch 
n = 3.70 inch 


Assuming a value of K of 150,000 pounds per square inch and 
E. = 30,000,000 pounds per square inch, (7) becomes: 

fe PET TE ss sab bee des taubasekbakesennt tee chnnne.s 53 aera kind (10) 
which gives the allowable initial eccentricity without loss of strength. 

Case IJ. The second portion of the notch strength versus initial 
eccentricity curve is characterized by the stress and strain distribu- 
tions of Case II, Fig. 33. The load is the integral of the stress 
across the diameter of the bar. This integration requires the stress 
distribution in the region g. This is: 


x 
rer ae ter eet Ci RD os sa wie a ood wee ee cules mens s bedbou ee (11) 
& 


where x is the distance from the left edge of the specimen. Integrat- 
ing from x = Oto x = g, the load P;, due to the stress in region g, is: 


L 
P, Cet ee a cSdeiet ea Rares OW awe os bes pd RES (12) 


The load, P,, due to the remaining uniform stress, K, is: 


ee eo on, aah e's Uwd's hd adonle se kabeednbueaein van (13) 
and the total load, P, is: 


dg 
P= P, + P2: =— (S: — K) + Kd? Cece ere rere sececesevecccece (14) 
2 


The notch strength is then: 


| 
PE wee an, OR et CB O° TE HM. fsc ca wives ole cru cin’ canawsetnsleheun (15) 
2d 


d’ 
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and the notch strength ratio is: 


N B S: 
yar=1-125(1-—) Saewewudvactbvdchcts wwe abbeaet (16) 
K d K 


The eccentricity is determined from the condition that the summation 
of moments is zero when there is no motion. Taking the left edge 
of the specimen as the center of moments: 


d 
P (d/2 + a) ~s TUNA... detenwsberees sacubacededessenaes 4604 (17) 
oO 


Since the stress distribution is discontinuous, the integral must be 
divided into two parts. Also noting that: 


ED “Sibig bb pn 66e oe Kaden baneeiesehehee sci besignacauss (18) 
d g x’ d 

p(-+2) = df [Six + (K — S:) —] dx +d fKxdx ........ (19) 
2 oO - e 

Integrating, inserting the value for p, and solving for “a”: 
Kd g 
— —— (K — S:) 
2 6 d 
enema (20) 


Since the notch strength ratio and the eccentricity both involve the 
unknown quantity, S,, this quantity must be replaced by a function 
of known quantities and g. From the geometry of the strain dis- 
tribution diagram, Fig. 33: 








K 
was o> Ge 
R 
PRS. nnns5ce nes cnbenephohewheneatscneegece eseect (21) 
d—g g S 
Solving for e, and noting that e, —F 
K R 
en OG Fete et chi cecssscntedconsssdiccece vcqaaceeouss (22) 
E d 
—-—!l 
a 


Inserting this value in (16) and (20) and simplifying: 


= (3) 
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a 


d “ 2K ( d ) ( g 
a _ i——— F ~~] 
ER g d ) 
Equation (24) may be simplified still further by combining with 
(23) to give: 


4 [=F g 
—= ( aa ) ( 1/2 — 1/3 — ) became uateasn ds heSeh an (25) 
d Y d 


Equations (23) amd (25) now give the eccentricity and notch 
strength ratio as functions of the parameter g. This quantity may 
vary within certain limits which are determined by the values of S,. 


o 
1/2 — 1/3 — 
d 


S, may vary from —K to +K. Solving (22) for S. and inserting 


2K 
2K + RE’ 

The initial eccentricity may be determined from the final eccen- 
tricity as before by a consideration of the curvature of the specimen 
and the angular displacement of the fixtures. However, the curva- 
ture of the elastic part of the specimen must be taken into account 
also when the final eccentricity is not zero. According to assump- 
tions 6 and 8 of Table V, the stress distribution in the region m will 
be linear, varying from S, at one edge to K at the other. 

The average stress or notch strength is: 


+K and —K, it is found that 4 may vary from zero to 





and the notch strength ratio is: 


N 1 S: 
Y=-—=— (1+=) pda abn betwee s eealuncsadet ene te (27) 
K 2 K 


The stress distribution is: 
x 
ee oe Cece re reer cccerecepesesesecsessecseseces (28) 


from which the eccentricity may be determined by the equation: 


d d d 
P ( sts) = Nd’ ( —+a ) = J xSdA ....(29) 
2 2 o 
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Inserting (26), (28), and (18), integrating, and solving for S,: 








d — 6a 
Si=K ( ) Cee eee rer erere eres eresersececeresenere (30). 
d+ 6a 
Then 
S; K d — 6a 
e=— >= — ( ) SFice kv tei de tlt Ce bh et (31) 
gE -f2 d+ 6a 


and the bending strain, from which the radius of curvature is deter- 
mined, is % (= es). Using the value of e, from (31) and 





equating to as in the bending of a beam: 


an 


K a d 
ini ( ) OE ON Sain ceil Oe ba aUk she's FORE Bak hee eens (32) 
E a + d/6 2rm 


The angle subtending the curved part of the specimen between the 
fixtures and the plastic region at the center is: 





m—s 
2rm 
Solving (32) for r,, and inserting in (33) : 


a 
ico (“~—) (5) oe ee (34) 
a 
d E Fait 
8 


To find ©, from (3), e, is required. This can be found from the 
relation : . 


6. = 








S: 
Sg mM tcc cee bere cederere reves eserseeeseesonresecseoosecees (35) 
E 
Substituting the value of S, from (22): 
K R 
ae er tr 5 in'din 0h d.gcenhb een ob ions daeevienee bass coeaease (36) 
>» « 


8, from (37) and ©, from (34) may now be used to determine the 
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initial eccentricity by means of equations (4) and (7). 

The notch strength ratio versus final eccentricity curve for, zero 
ductility can also be determined now from equations (27) and (30) 
using S, as a parameter varying from +K to —K. Solving (30) 








for a: 
S2 
WS sinalal 
d K 
GO eee, ® SR ee Ue ccc cn cdccdesssbeesarcussisaianen (38) 

6 S: 

1+ 
K 


The initial eccentricity depends only upon r, for the entire length 
of the specimen. Thus: 


Solving (32) for rm and inserting in (39): 


a 


2m K “d | 
e= ( — ) ( -) » SR, ee oe ya deed eal at (40) 
d E a l 


d 6 


which can be used in (7) to determine the initial eccentricity. 

Case III. For the general case where R has a finite value, the 
third part of the curve corresponding to Case III of Fig. 33 is 
determined in the same way as the second part. By integration of 
the stress 

&i~— Be Bi £2 


Y= IO ine acd ie pees 0 40s ba dens bees Pasvbipwad (41) 
d 2. 





The eccentricity is determined by the condition of equilibrium of 
moments 


d d 
P (+2) = f SxdA a aie Rg Neale (42) 
2 oO 


a 


which yields upon integrating and solving for “a”: 


a a (3). +2(: >) ( ; ) 
a\ wm) 2\a 6 7 RE + 2K 
3 2. fond —| > 


a 
d £1 Le 
d d 
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Equations (41) and (43) involve two parameters, g, and g,, which 
can be related by an equation if the geometry of the strain distribu- 
tion is considered. From Fig. 33: 


Qi d-— £2 
Tae aha avetn es subecss bin peceside thes ends vas tadevens (44) 
2K 
R+— 
Solving for®?; 
d 
RE(1 2 ~) 
21 d 
eae OE RE. Ecce dc tise ssonsensoves ebeacepseteccebeveces (45) 


d RE + 2K 


Considering g, as a function of g,, the only independent variable in 
(41) and (43) is g,. This may vary between zero and a value whicli 
corresponds to infinite eccentricity. For infinite eccentricity, g, and 


g, are equal. Substituting g, for g, in (44) and solving for: 


£2 RE 


ep AN 5 ok n.d evidaan Kadicn Batches kins iktacitn sa due (46) 
d 2RE+2K 


which is the limiting value for =. 

The initial eccentricity is determined with equations (4), (7), 
and (34), applying equally well to Case III. ©,, however, must be 
expressed in terms of the new parameters g, and g,. Again, if (3) 
is to be used to find ©,, the value of e, must be expressed in terms 
of g, and g,. From Fig. 33, by symmetrical triangles: 


K 
<_< 
5 R 
OD alk cig SEW chao OSHS VUE RA gaAOEED ETERS 0 Cova nncdewees (47) 
Qa QZ: 
Solving for e, and substituting in (3): 
K 
o=—(R+R+—) boa tbakes 065600100 b8ks ene Oinews (48) 
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DISCUSSION 


Written Discussion: By E. S. Jenkins, chief of structures department, 
Curtiss-Wright Corp., Buffalo. 

The authors are to be commended for their extremely interesting study of 
the notched bar tensile test and of the notch characteristics of heat treated, low- 
alloy steels. They have improved the testing technique and they have made an 
important contribution to the interpretation of the test results on this type of 
specimen. The writer would, however, like to discuss certain minor features of 
the paper and the general significance of this type of test. 

In connection with the discussion of the “average transverse stress” and the 
“inverse transverse modulus”, several questions arise. To begin with, the authors 
develop the relations for the average transverse stress by assuming that the state 
of stress is tri-axial and consists of the longitudinal stress, in the direction of the 
axis of the bar, and two tensile stresses of equal magnitude, acting on the bar 
cross section in the radial and tangential directions, respectively. 

There is, as a matter of fact, no theoretical justification for this assumption. 
The analytical results of Neuber are in contradiction to it, indicating the presence 
of radial and tangential stresses of variable magnitude over the bar cross section 
in the notched region. The radial stresses must be zero at the surface of the 
notch, while the tangential stresses have their maximum values at such points. 
The relatively large degree of variation of these stresses over the bar cross 
section makes an “average stress” determination of slight practical significance. 
The same would seem to be true of the “inverse transverse modulus”, defined as 
the ratio of the unit diametral contraction and the mean longitudinal stress. 

The results obtained for the inverse transvere modulus (Fig. 12) do, how- 
ever, bring out an interesting point. It is found by the authors that the value of 
this modulus does not vary for a wide range of very sharply notched specimens. 
This probably indicates that the excessively large stress concentrations introduced 
at the roots of very sharp notches cause early yielding of the root material, re- 
sulting in an effective increase in the notch radius even at low loads. The plastic 
shape readjustment seems to proceed until a definite minimum effective notch 
radius is attained. While the data of Fig. 12 do not decisively prove that this 
change of notch radius is the cause for the invariance of the inverse transverse 
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modulus for sharply notched specimens, the possibility is not too remote. 

It should be noted that, whereas the state of stress in the root region of a 
notched round bar is tri-axial, the state of stress near the root of a notch cut ina 
flat plate is bi-axial. A comparison of the two, relative to the effects of the third 
principal stress, might conceivably be of some value. 

The development in Appendix II of the paper, regarding the analysis of a 
notched tensile test specimen subjected to eccentric loading, seems to describe the 
nature of the phenomenon with sufficient accuracy for general purpeses. It is of 
interest to note, however, that a more exact calculation could be made. Such a 
calculation would be based on the theory for the bending of beams under combined 
flexure and axial loads. The calculation could be extended to the plastic range 
without introducing severe difficulties and could be based on a strain-hardening 
stress-strain curve of arbitrary shape for the specinsen material. Although it is 
recognized that the addition of bending will make the test more sensitive to notch 
effects it is questioned whether this advantage would offset the added difficulty of 
interpreting the results. 

In conclusion, the writer would like to raise the question of the significance 
of notched bar tensile test results in general. Customarily the notch test is taken 
to indicate the toughness of a material. But the toughness is not defined or 
measured quantitatively. It seems that behind the idea of toughness is a char- 
acteristic which can be measured. It is the strain which the material can undergo 
without fracture when subjected to complex states of stress. We are well aware 
at this time that the structural behavior of a material is dependent on the three- 
dimensional” state of stress to which it is subjected. Pure (as opposed to 
notched) tension tests give results applicable to a one-dimensional state of load- 
ing ; hence they form only a special case of the general law of behavior. It is not 
possible, for example, to extrapolate from the pure tension test results to the 
more general cases of bi-axial or tri-axial stress. However, since the tension 
test forms a successful basis for many of the fundamental laws of modern 
structural design its use is justified on practical grounds. 

The notched bar tensile test is an attempt to modify the simple tension test 
so as to obtain results for the material behavior under a more complicated state 
of stress. There is sincere doubt, however, as to the state of stress introduced 
by the notch. The bar stress distribution continuously varies through the bar 
volume. Furthermore, a new distribution appears for each increment of plastic 
strain. Moreover, these distributions are critically dependent on the shape of the 
notch. Any quantitative interpretation of the notched bar results thus seems to 
be extremely difficult. 

It would perhaps be of advantage to replace the notched bar tensile test by a 
different test, also designed to give data on the bi-axial and tri-axial behavior of 
the material, and more readily adaptable to broader interpretation. 

Written Discussion: By R. B. Bland, structures research engineer, Lock- 
heed Aircraft Corp., Burbank, Cal. 

The authors are to be congratulated on their work, especially in regard to the 
reduction of test scatter reported in a previous paper (Ref. 1 of this paper). 

It is unfortunate that the original load deflection curves, as well as stress- 
strain curves for the basic material, were not presented in this paper. These data 
would have been decidedly interesting to us. 
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The statement that “...the plastic flow preceding the point of maximum load 
does not reduce materially the magnitude of the transverse stress” appears to us 
to be founded on somewhat debatable assumptions. The results of tests at the 
Lockheed Aircraft Corporation, in which the value of the transverse stress was 
actually measured, indicate that the value of the transverse stress reaches a 
maximum at the yield and thereafter continually decreases as the amount of 
plastic deformation increases. 

The tests under eccentric load would perhaps be of more value if they were 
conducted with a constant bending moment. 


Oral Discussion 


G. C. Rrece.:’ While not having had the advantage of previously studying 
this paper by Dr. Sachs, I am sure it merits very careful perusal and I certainly 
feel that it has much intellectual “meat” in it for those of us who are concerned 
with states of stress imposed by a notch. 

At the risk of being presumptuous and possibly diverting the original thought, 
I should like to ask Dr. Sachs if he thinks there would be any virtue in using a 
notched specimen, such as a Charpy type, stressing it somewhere below the elastic 
deformation range, but rather highly, and then measuring the energy absorption 
figures in the same manner we usually do in the so-called notched-bar impact test ? 

In other words, to take an example from experience (and that after all is 
why we came here, I think, as metallurgists and engineers to learn something 
that can be applied), we have the instance of a gun carriage rolling along at 45 
miles an hour on the proving ground with an axle made of S.A.E. 4340 steel of a 
section probably 2-5/16 diameter at the radius where the bearing is carried. 
When the carriage falls into a chuck hole, the fine ductile 4340 axle, at Rockwell 
C-32 or 33, breaks with a brittle fracture with no elongation and no reduction of 
area. We have here then a state of tension with a rapid loading of the specimen 
at some “sore” spot, as Prof. H. F. Moore, I think, has called it. The energy 
has no time for distribution in the ductile material and therefore the axle appears 
to break with a brittle fracture. That is just one analogy that comes to my mind 
and I think many of us have that experience and often wonder what to do with 
it. If we test the material after it has broken, we cannot find, either with tension 
or notched-bar tests, that it is unsatisfactory, and still it breaks. 

A. E. Focxe:* After listening to this paper, it seems to me that to the same 
extent that we agree that the wear capacity of a material cannot be measured 
in absolute units, since it does not exist apart from the conditions of service, we 
are forced to admit that “strength” is subject to the same limitations. 

All our testing is done on the chain itself or on chain parts because we have 
found by experience that tests made on regular test specimens give us little in- 
formation from which we can predict the practical value of a material or a 
process for chain. 

It is interesting that our empirical results based on tests of chains or chain 
parts confirm the conclusion one draws from this work of Dr. Sachs. We know 
that steels heat treated to strengths much greater than 200,000 psi are not safe 
for chain sideplates for general application and even this value must be reduced 


7Chief metallurgist, Caterpillar Tractor Co., Peoria, IIl. 
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if the chain is to perform satisfactorily under unusual conditions of fatigue or 
corrosion. 

This is important to us for we are under constant pressure to build chains 
of greater tensile strength using the same dimensions as those of our standard 
chains and it is not always easy to convince others that this cannot be safely 
accomplished by simply increasing the hardness of the material in the sideplates. 

It is for this reason that we appreciate these contributions of Dr. Sachs since 
they emphasize so definitely the perils of attempting to use data obtained on 
uniform test pieces to predict the value of a material in service. 

R. L. Tempirn :® Unfortunately not having had the opportunity to preview 
the paper with the thoroughness which the work seems to warrant, there are a 
couple of general comments that I think are worth while. I believe that a number 
of us are interested in getting at the type of test that will shed further light on 
the notched ductility or perhaps sensitivity of various metals. The difficulties 
contingent upon making good tensile tests with specimens of the type indicated 
are indeed rather difficult. They vary, of course, with the materials to be tested. 
This applies not only to the preparation of specimens with the desired dimensions 
of notch, but also to the difficulties contingent upon getting axial loads on the 
specimens. 

As I understood the test procedure as followed with the lateral extensometer, 
the authors had very sharp, hardened knife edges that bore on the bottom of the 
notch and on opposite sides of the specimen and it would seem even though a 
light spring pressure was used on this apparatus that the additional stresses 
caused in the specimens might have an effect on the results obtained in some of 
the tests. 

We prefer in our own work, for notch sensitivity tests in the normal elastic 
range, to use the dynamic or fatigue test as being somewhat more satisfactory 
than the static test. It is admitted, however, this type of test is not entirely satis- 
factory in the higher portions of the plastic ranges of materials. 


Authors’ Reply 


Mr. Jenkins has expressed objections to results obtained from tests with 
nonuniform stress distribution. However, we have found that any feasible 
homogeneous test on steel does not yield commercially significant metal char- 
acteristics ; and this is particularly true for regular tensile tests on heat treated 
high strength steels. Consequently, for the purpose of practical evaluation, more 
complex tests must be used, at present, approaching practical conditions of strain- 
ing, even if the actual local stress and strain states are not recognized and average 
values constitute the metal characteristics. However, we cannot agree with the 
conclusion that such average values are without significance. Averaging of 
stresses and strains in the elastic state appears entirely possible, and the “inverse 
transverse modulus” should be, therefore, a definite measure of the average 
triaxiality. The fact that the radial stress is zero in a thin surface layer is 
apparently of less importance than assumed by Mr. Jenkins. 

Mr. Jenkins, however, agrees with us that a number of relations have been 
revealed which cannot be obtained by other tests, at present. If he is in a position 
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to devise another, more lucid and not too tedious test, which will yield similar 
information, we will be glad to follow up such a suggestion. 

We were interested to learn from Mr. Bland that plastic flow reduces the 
amount of triaxiality. The degree of triaxiality in the plastic range for a notched 
specimen can be estimated from the notch strength ratio, i.e., the per cent increase 
in strength by notching. An investigation of the effect of increasing plastic flow 
on the notch strength ratio possibly indicates a decrease of triaxiality. However, 
the effect is small within the range of strains encountered in our notched-bar 
tensile tests, hardly greater than the limits of accuracy of the tests. 

At the time the eccentric loading test was developed, a constant bending 
moment test, requiring a more complex apparatus, was considered. Later, the 
simpler test was preferred as a preliminary approach to the problem, reserving 
the other test for further investigation, if necessary. However, the eccentric 
loading test now appears to be more revealing than a constant bending moment 
test. It measures the ability of the steel to eliminate eccentricity, i.e., the inher- 
ent ductility of the metal under adverse conditions. This important metal char- 
acteristic would not influence appreciably the results of a constant bending 
moment test. 

The experience related by Messrs. Riegel and Focke on very different fields 
of application indicates that the service strength is much more frequently deter- 
mined by stress-raisers than is generally recognized. For reasons not known as 
yet, stress-raisers that are too mild to produce brittle failures in present labora- 
tory tests apparently cause service failures of the brittle type. Corrosion, fatigue, 
section size, fiber direction, low temperature, etc., may augment the effects of a 
mild stress-raiser. In the example of the axle cited by Mr. Riegel, the principal 
augmenting factor may have been the section size, as the other factors mentioned 
are not likely present under the manufacturing and service conditions of the 
example. 

Impact, or high-speed loading, is another embrittling factor (2), but the 
magnitude of its effect in combination with multi-axial stress should not be 
sufficient to account for the failure mentioned. Notched bar impact tensile tests 
should yield results which differ only slightly from those of notched bar static 
tensile tests; and the results of the latter tests agreed with those of conventional 
notched bar impact bending tests (1)- 

Since the knife-edges of the extensometer make contact with the bottom of 
the notch at a point, there will be a high, localized, transverse compression at the 
knife edges, as pointed out by Mr. Templin, even for a very small spring pressure. 
The average transverse stress due to the knife edges would be extremely small, 
however, since the small load is distributed over a large area within the speci- 
men. Consequently, there would be no effect on the breaking conditions, which 
are determined by the stress state somewhat below the bottom of the notch. 

We have not attempted to correlate static notched bar properties with notch 
fatigue. We would like, however, to advance the theory that the notch effect is 
of much the same nature in fatigue tests as in static tests, but becoming apparent 
in fatigue tests at much lower strength levels. 





THE STRENGTH OF HEAT TREATED ALLOY STEEL 
BOLTS 


By G. Sacus, P. S. Cote anp R. A. RotH 


Abstract 


S.A.E. 2330 steel exhibits its highest tensile strength 
and hardness if tempered at 200 to 400 degrees Fahr. 
(95 to 205 degrees Cent.) after oil quenching. This 
applies also to bolts in this alloy, tf tested in the regular 
manner. However, if bending ts superimposed to ten- 
ston, the strength of high strength bolts will be consider- 
ably reduced, the maximum strength being 160,000 pounds 
per square inch, after tempering at 1000 degrees Fahr. 
(540 degrees Cent.). Higher strength bolts break under- 
neath the head in a brittle fashion, rather than in the 
generally weaker threaded part. This embrittlement and 
loss in strength can be eliminated by providing a fillet 
under the head of the bolt. 


INTRODUCTION 


HIS-paper deals with the strength of heat treated alloy steel 

bolts which were subjected to testing conditions simulating a 
wide range of service conditions. 

In recent investigations on various alloy steels, it was observed 
that sharp notches (1)! reduced materially the strength and ductility 
of cylindrical test bars if the ultimate strength or “strength level’’ 
of the steel exceeded a value of approximately 200,000 pounds per 
square inch (2). Tubing subjected to internal pressure exhibited 
a similar, but not quite as pronounced, “embrittling effect’ if the 
strength level of the steel exceeded a value of approximately 150,000 
pounds per square inch (3). Cylindrical notched bars (4) and 
bolts (5) were also found to break at reduced loads, in a brittle 
fashion, if their strength level was above 150,000 pounds per square 
~The figures appearing in parentheses pertain to the bibliography appended to this paper. 
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inch, and if a bending strain was superimposed upon the applied 
tension by means of shims placed under the heads of the test bars 
or under the nuts of the bolts. 

It was the particular purpose of the investigation reported on 
to clarify some of the factors which might cause embrittlement 
of high strength alloy steel bolts. Commercial aircraft bolts, fabri- 
cated from S.A.E. 2330 steel, were selected for the investigation.” 
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Fig. 1—Dimensions and Arrangement of Specimens for the Various Series of Tests. 


The variations were as follows, representing the most important 
fundamental factors influencing their strength: 

1. Various strength levels, as determined by the tempering 
procedure after proper hardening, 

2. Various shapes of the head, which was found more prone 
to rupture than the thread, in the range of conditions conducive to 
brittle breaks, and 

3. Various types of loading, i. e., regular tension and tension 
with superimposed bending. 

Two lots of S.A.E. 2330 bolts, 34 inch diameter and 356 and 
334 inch total length, respectively, Fig. 1, were used for the investi- 
gation. They were heat treated by quenching from a vertical furnace 
containing forming gas into an airlift quenching tank with oil 


2We are indebted to Mr. Carl Harvey, chief metallurgist, Lamson and Sessions Co., 
Cleveland, Ohio, for the bolts used in this investigation. 
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and tempering at various temperatures for an hour in an electric 
forced air convection type furnace (1). The hardening tempera- 
ture, 1500 degrees Fahr. (815 degrees Cent.), was maintained for 
one-half hour. All specimens were machined before heat-treating ; 
and the results, therefore, apply to a steel with a decarburized surface. 

The two lots of bolts showed a slightly different response to 
heat treating. This is probably explained by a varying content in 
residual alloying elements, such as chromium and molybdenum. 
However these differences did not impair the results which agree 
closely for the two lots in duplicate series of tests. 


RESULTS 


In an early stage of the investigation, it was observed that 
various failures of the bolts occurred under varying conditions, 


Q 





Fig. 2—Typieal Failures. Left 
—Thread Break. Center—Notch 
Break. Right—Head Break. 


Fig. 2. Two major types of failure were recognized: 

(a) Breaks through the thread, and 

(b) Breaks under the head. 
Also minor failures by (c) stripping of the thread and (d) 
through the cotter-pin hole of the bolts, lot 1, occurred occasionally. 
Such failures were disregarded in most instances, see later. 
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Consequently, each test supplied, fundamentally, two values: 

(a) The strength of one of the two sections, the thread root 
section or the section under the head, and 

(b) A stress below the strength of that section which did not 
fail. 

In addition to tests on bolts in the shape as supplied, tests were 
made also on bolts reduced in section at various points, Fig. 1. 
Some such specimens were provided with a 60-degree sharp notch, 





Fig. 3—Tensile Testing Fixture for Testing Bolts 
Under Combined Tension and Bending. 


which removed 30 per cent of the cross-sectional area of the reduced 
section. Further series of tests were made on bolts with an increased 
radius machined under the head. Also, the ultimate strength was 
determined by testing specimens with a reduced cylindrical section. 
Thus, four different strength characteristics of the 2330 steel 
in various conditions of heat treating were determined: 
(a) The strength through the thread, or “thread strength”, 
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(b) The strength under the head, or “head strength’, 

(c) The strength through the notched section or “notch 
strength”, and 7 

(d) The ultimate strength or “strength level” of a cylindrical 
section. 

With the exception of the cylindrically machined bars, all other 
types of test bars were subjected to tensile tests in two ways, Fig. 1: 

(a) By means of regular ball-seat fixtures, and 

(b) provided in addition with a tapered shim or washer hav- 
ing an angle of 10 degrees. 
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Fig. 4—Ultimate Strength and Notch . Fig. 5—Thread Strength—No Shim. 


Strength—No Shim. 


The tapered shim results in eccentric loading of the test bar, 
or in a superposition of bending on the applied tension. This 
eccentricity will be higher in the sections close to the shim than in 
sections farther away. This enables one to apply a higher ec- 
centricity to the thread (or notch) than to the section under the 
head and vice versa, Fig. 3. 

The rolled thread, as well as the corners under the head, and 
also the machined sharp notch and machined head fillet had a radius 
of approximately 0.002 to 0.003 inch. 

The results of the various series of tests are plotted in Figs. 4 
to 11 against the tempering temperature. 

The ultimate strengths of the two lots of bolts, Fig. 4, differed 
slightly, as previously mentioned. A maximum ultimate strength 
of approximately 260,000 pounds per square inch was obtained by 
tempering at 200 to 400 degrees Fahr. (95 to 205 degrees Cent.). 
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The thread strength, Fig. 5, and notch strength, Fig. 4, in tests 
without shim, were almost identical for a given condition. This 
confirms the previously recognized fact that threads (6) and com- 
pound notches (7) behave much the same way as a single notch of 
the same contour and depth. 

Throughout the whole range of the investigated strength levels, 
both the thread strength and notch strength are 30 + 5 per cent 
higher than the ultimate strength. The notched section appears 
slightly stronger than the threaded section, but this may be ex- 
plained by various factors, such as differences in contour, in de- 
carburization, etc. The absence of low strength values in these 
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Fig. 6—Notch Strength—With Shim. Fig. 7—Head Strength—No Shim. 


series of tests, Fig. 4 and 5, means that the threaded section of S.A.E. 
2330 steel bolts is not susceptible to an embrittlement for any possible 
heat treatment or strength level, if subjected to regular tension with 
little or no eccentricity. 

However, if a shim is added under the nut, the bolts were 
found to possess a much lower strength than without a shim. In 
the series on threaded bolts, very irregular results were obtained 
and the thread stripped in all tests. This is rather peculiar, as for 
similar previous tests (5) results are reported which agree with 
previous results (4) and the present tests on notched bars. No 
attempts were made to reveal the reasons for the stripping of the 
thread in the present tests. 

Thus, a shim under the nut of bolts provided with a notch 
close to the thread resulted in low notch strength values of the 
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highest strength levels, being less than 40 per cent of the ultimate 
strength, Fig. 6. With increasing strength level, the notch strength 
increased rapidly, and became practically the same as that of bars 
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Fig. 8—Head Strength—With Shim. 


tested without shim if the strength level decreased to 225,000 pounds 
per square inch or less. Fig. 10 illustrates schematically this em- 
brittling effect of a shim under the nut on the notch (and thread) 
strength. 

The section under the head was found to be more susceptible 
to embrittlement than the thread, Fig. 7. In the as-quenched con- 
dition, all test bars failed in a cup-like fashion, Fig. 2, underneath 
the head, rather than through the generally weaker section through 
the thread. Also, if the section was reduced under the head, the as- 
quenched bars still failed under the head in a brittle fashion, rather 
than through the cylindrical section. This is interesting in that it 
proves that the embrittlement of the head is not primarily dependent 
upon the fiber as determined by the heading process but upon the 
notch effect of the head contour. 

In order to obtain a thread failure for the as-quenched condi- 
tion, the radius under the head was increased by machining off a 
part of the head, from a few thousandths of an inch to ;y inch, 
Fig. 1. Thus, such a stress relief radius increased considerably the 
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Strength, 1000 Psi. 
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Fig. 9—Effect of Stress Relief Radius Under 
Head—W ith Shim. 
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Fig. 10—Results of Various Thread and Notch 
Tests (Schematic). 


strength of the section under the head, if the conditions are con- 
ducive to brittle failures. 
The tests with a shim under the head also showed that the 
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section under the head was more liable to embrittlement than the 
thread, Fig. 8. The head strength for the high strength levels, if 
tested with a shim, was as low as 20 per cent of the ultimate strength. 
Only when the strength level decreased to 160,000 pounds per square 
inch or lower did the head strength become identical for bolts tested 
with and without the shim, Fig. 11, the failure then occurring through 
the thread or in the reduced section. 

Again, it was found that this embrittlement could be reduced 
materially by machining stress relief radii under the head, Fig. 9. 
But even a radius of % inch did not eliminate completely the effect 
of the shim. However, it raised the range of strength levels which 
were not susceptible to brittle head breaks to approximately 240,000 
pounds per square inch, Fig. 11. 
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Fig. 11—Results of Various Head Tests (Schematic). 


The present investigation indicates a higher tendency towards 
embrittlement for the section under the head than for the threaded 
section. However, as clean thread breaks were not obtained in 
these tests with shims, and as the notch was some distance away 
from the shim, the actual properties of the threaded section were 
not revealed by these tests. Previous experimentation on some 
alloy steels (4) (5) in which thread and notch breaks occurred close 
to the shim yielded low strength values if the strength level was 
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160,000 pounds. per square inch or higher, while in the present tests 
low notch strength values were obtained only for strength levels above 
220,000 pounds per square inch. It will therefore be attempted in 
further tests to clarify this discrepancy and to determine in a more 
accurate manner the respective sensitivity of the two sections to 
superimposed bending. 


CONCLUSIONS 


1. In tension, with little or no superimposed bending, ductile 
breaks through the threads occur except in the as-quenched bolts. 

2. As-quenched bolts show brittle failures under the head at 
low and widely scattered loads, thus indicating greater notch sensi- 
tivity at this point than in the threads. 

3. Failures under the head can be prevented by adding a “stress- 
relief” radius from shank to head. If necessary in practical cases, 
this may take the form of a semicircular groove having a radius of 
one-eighth to one-sixth of the shank. 

4. Superimposed bending at either the head end or thread end 
causes brittle failures in these sections at considerably reduced loads. 
For a 10-degree shim under the head, brittle failures occur at the 
head for tempering temperatures below 800 degrees Fahr. (425 de- 
grees Cent.) or strength levels above 160,000 pounds per square inch. 

5. For a shim under the nut, failures occurred at very low 
loads by stripping of the threads in an apparently brittle manner. 
Only for tempering temperatures above 1200 degrees Fahr. (650 de- 
grees Cent.) did the thread reach approximately the same strength 
when tested with a shim as without. 

For tempering temperatures less than 400 degrees Fahr. (205 
degrees Cent.) (strength levels above 250,000 pounds per square 
inch), brittle failures were obtained through a 0.002-inch-radius 
notch placed near the nut and tested with a shim under the nut. 

6. Brittle breaks under the heads are suppressed by the use of 
a relief groove. Commercially feasible radii (34g inch) permit super- 
imposed bending without impairment at strength levels up to 225,000 
pounds per square inch. 

7. The as-quenched bolt showed a lower tensile strength and 
a greater tendency toward brittle failures with superimposed bend- 
ing than a bolt stress relieved by tempering at 200 to 400 degrees 
Fahr. (95 to 205 degrees Cent.). 
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8. Bolts of the selected steel and size may be heat treated to 
250,000 pounds per square inch if the straining in service is to be in 
pure tension, but 175,000 pounds per square inch is the maximum 
safe limit if superimposed bending is present. 

9. A greater strength level may be used in the presence of 
superimposed bending if a fillet is used under the head. Possible 
improvement may result from the use of fillets in the thread bottoms. 
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DISCUSSION 


Written Discussion: By E. S. Jenkins, chief of structures department, 
Curtiss-Wright Corp., Buffalo, N. Y. 

From the standpoint of the airplane designer the paper can best be sum- 
marized as showing that standard aircraft bolts may possibly have too low a 
strength rating. It is shown that for heat treatments up to 200,000 pounds per 
square inch ultimate tensile strength, the bolts can withstand considerable static 
eccentric load. If the designer feels that the static load strength is a sufficient 
criterion he may easily convince himself that he can rerate the bolts by increasing 
their strength by a different heat treatment. It is interesting to note that the 
standard heat treatment for commercial aircraft bolts is at the highest tempering 
temperature studied in the paper. Although the static strength may be raised 
substantially by lowering the tempering temperature, it is believed that repeated 
load tests will be required to convince the designers that it will be wise to go 
very far in this direction. 

Written Discussion: By R. B. Bland, structures research engineer, Lock- 
heed Aircraft Corp., Burbank, Cal. 

The results given in the subject paper have already been applied in a quali- 
tative way. When making acceptance tests of castings, we usually find it nec- 
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essary to heat treat the attaching bolts to high strength levels in order to obtain 
failure in the casting. When the loads result in purely tensile stresses in the 
bolt, we can use strength levels of 250,000 pounds per square inch; but where 
bending stresses are present in the bolt it is necessary to use lower strength 
levels of the order of 180,000 pounds per square inch or less. 

In conducting fatigue tests of bolts, we sometimes obtain failures in the 
threads, and sometimes under the head, especially if any eccentricity is present. 
Fatigue failures in the threads can readily be combatted by rolling the threads, 
but fatigue failures under the head can best be met by giving a radius to the 
junction of head and shank. 

The low thread-strength values for eccentric loading are undoubtedly due 
to the fact that the threads are too brittle to allow sufficient deformation so 
that all the thread around the bolt circumference can share in carrying the load. 

In general, the authors are to be congratulated on their paper, which gives 
results of direct value to the airplane industry. In only two instances can this 
paper be criticized: 

(1) It should have been specified, as in Ref. 1 of the paper, that the 
impact strength is a minimum for tempering temperatures of 1110 degrees Fahr. 
(600 degrees Cent.). This strength range of 220,000 pounds per square inch, 
which appears to be the best except for head failures, is not the best from the 
standpoint of impact strength. However, if impact strength is not a considera- 
tion, and if fatigue loads are unimportant, the use of heat treatment in this 
region might result in small but definite weight savings in the airplane structure. 

(2) The tests under eccentric loading do not mean much except insofar 
as they furnish us with a “floor” to the worst conditions we are likely to meet. 
For many practical applications, it is possible to compute the bending moments, 
and hence tests under a constant bending moment would probably be of greater 
value. The test setup, as shown, yields a bending moment that, when we con- 
sider local deformations, must vary in an extremely complex manner with load. 


An interaction curve, from pure bending to pure tension, would be highly 
desirable. 


Oral Discussion 


Ray Vrines:’ Some practical work we did in connection with hydrogen 
embrittlement of zinc plated, hardened steel screws may be of interest in con- 
nection with this paper. We were running into trouble with breakage on high 
strength screws and to determine safe limits we zinc plated and tested several 
types of screws which had been heat treated and drawn to various hardness 
levels. Simulating service conditions, the treated screws were used to tighten a 
spring clamp to a bar, some bending being superimposed upon the tension by the 
nature of the clamp. The imposed stress was sufficient to cause breakage if 
the screw had been embrittled by plating, the number of screws broken after 
an overnight period serving as a guide to the degree of embrittlement. Although 
various types of screws were tested, the significant features can be shown by 
the results obtained on screws made by upsetting the head and rolling the thread. 
One set of these screws had a radius, which was formed during upsetting, at 


8’Metallurgist, Ford Instrument Co., Long Island City, N. Y. 
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the head-shank junction while the other set was machined after forming to a 
sharp corner at the head-shank junction. 

When tested immediately after zinc plating and without the benefit of a 
hydrogen relief treatment, severe breakage occurred on screws with and without 
radii if the hardness was above about Rockwell “C”’ 40. The amount of break- 
age increased with increase in hardness, reaching 100 per cent (all out of a 
minimum of 10 screws tested) at a hardness of Rockwell “C” 43. It was 
observed that the screws without radii usually broke at the head-shank junction 
while those with radii usually broke in the threads. Furthermore, the incidence 
of head-shank breakage increased with increase in hardness as shown below. 





ee STOWE With Redii__._.__.__....—., -—————_Screws Without Radii 
Hardness Percentage of Breaks at Hardness Percentage of Breaks at 
Rockwell “‘C’’ Head-Shank Junction Rockwell **C”’ Head-Shank Junction 
52.5 18 per cent 51.5 92 per cent 
43.0 0 per cent 43.0 78 per cent 
39.0 None Broken 39.0 15 per cent 


It should perhaps also be noted that for any given hardness and plating 
condition, the screws without radii suffered a much greater percentage breakage 
than the screws with radii. Furthermore, relieving treatments (400 degrees 
Fahr. for two or more hours) were successful in eliminating the breakage in the 
screws with radii even at Rockwell “C” 52.5 but they did not reduce the breakage 
on the screws without radii at a Rockwell of “C” 51.5. 

There is one other point that I would like to mention, namely, the effect of 
hydrogen embrittlement in increasing the severity of a given notch or increasing 
the notch sensitivity of a given steel. Professor Sachs mentioned, in connection 
with the other paper given here this morning, that the shape of the part and 
notch, the speed and temperature of testing and almost everything else were 
important in notch sensitivity tests. I was wondering, if in connection with 
these studies, hydrogen embrittlement might not be used as a substitute for high 
testing speeds or very sharp notches. 

Sam Tour:* I wish to compliment Dr. Sachs on both of these papers. 
They are very valuable contributions to our knowledge. 

I wish to assume some of the prerogatives of the author and discuss one 
of the discussions to the paper before the author does. Particularly my remarks 
are directed against the suggestion made by Mr. Vines of superimposing hy- 
drogen embrittlement upon other tests. In all sharp notch work there are 
numerous variables, as Dr. Sachs has tried to point out and has demonstrated. 
Variables of thickness, variables of radius of notch and numerous other variables 
make the situation almost bewildering. I would certainly hesitate to superimpose 
upon this the most bewildering thing, hydrogen embrittlement. If we only knew 
something about hydrogen embrittlement we might be able to control it a little 
better. Knowing so little about it, its mechanism and what really causes it, 
how to get away from it, how to decrease it, we certainly are in no position to 
use it as a multiplying factor to enhance some other faults. 

In zinc plating, hydrogen embrittlement occurs in one factory to a decided 
extent, in another factory to a much less extent—apparently both factories using 
the same practice. The reasons for the variation are certainly not clear. Such 


*President, Sam Tour & Co., Inc., New York City. 
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minor details as a change in temperature of 10 degrees, the pH of the plating 
solution, a change of only a minute or two in the pickle dip, a change in the acid 
concentration of the pre-dip, all affect this hydrogen embrittlement. A 24-hour 
layover after plating seems to have an effect. Summer has an effect as against 
winter. There are so many variables in hydrogen ‘embrittlement that I would 
very much hesitate to draw that red herring across the trail of any other 
physical property. 

Ray Vines: I can agree with Mr. Tour that hydrogen embrittlement is 
very confusing but I am inclined to disagree with him on the fact that one plant 
encounters hydrogen embrittlement while another one using the same practice 
does not. Differences in “ductility” do in fact occur from plant to plant and 
also from time to time in the same plant but since we do not have a good test 
for hydrogen embrittlement we cannot say that these differences are in hydrogen 
embrittlement. A slight change in design on the screws mentioned above was 
the factor determining whether or not they were embrittled by exposure to 
hydrogen. As with notch sensitivity, some of the confusion of hydrogen em- 
brittlement will disappear when the usual superimposed variables are eliminated. 

R. E. Curist1n:* I appreciate Dr. Sachs’ last paper. It brings to mind 
some of the designs we have had to work with. We had to take a cold-headed 
bolt or upset bolt and machine under the head, which brings it into the classifica- 
tion of a machined bolt. Dr. Sachs made the remark in his paper about a cold- 
headed bolt not showing up as well as a machined bolt and it may have been due 
to the fact that it may have been machined after cold heading. We must take 
that into consideration. An aircraft quality bolt calls for a 0.005 to 0.015 radius 
under the head. It also calls for a ground finish. You must put the undercut 
under the head to allow for the grinding wheel. I feel that more work probably 
could be done about a design that would allow us to take the cold-headed bolt 
and grind it without doing any machining under the head, by permitting the 
larger radius under the head so these stress raisers wouldn’t be placed in there. 
I believe all the undercutting under the head is dangerous, because in putting 
a 0.005 to 0.015 radius under the head with a tool, it is pretty difficult to keep 
your tools in apple pie order. I have rejected bolts in process due to this condi- 
tion where the tools would wear down and leave a lot of tool marks. In the 
magnaflux test those tool marks will show up like a crack, Well, if you cut 
the bolt head and place it under the microscope you will find out that those 
marks under the head appear to be 0.002 to 0.003 deep. That may not seem 
very bad but they do show up under a magnaflux. It leaves the consumer in 
doubt as to whether those bolts shall pass. I believe, like you probably read in 
Mr. Almen’s papers, that design plays such an important part in this failure. 
We are asking the bolt manufacturers to hold those radii as far as possible to 
0.005 to 0.015. I believe with such a low radius that it is very difficult to keep 
your tools sharp and to prevent any more tool marks. Sometimes you end up 
with a bolt, although you have a 0.015 radius, with more tool marks than you 
started with and those are the bolts that usually show up under magnaflux. 
And I should like to add to Dr. Sachs’ paper that a little more effort be made 
to get away from these stress radii. Why should a machined bolt stand up 
better than a cold-headed bolt after heat treatment? I would think that a cold- 


*Metallurgist, Columbus Bolt Works Co., Columbus, Ohio. 
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headed bolt without tool marks would be just like a machined bolt without tool 
marks. The less machining, the better. 


Authors’ Reply 


As far as my understanding goes, Mr. Jenkins and Mr. Bland draw the 
conclusion from our tests that the use of bolts having a strength of 200,000 
pounds per square inch should be safe if concentric loading is secured. The 
tests with eccentric loading are considered as representing a condition which 
will be more severe than any likely to be met in practice. However, while 
eccentricity may be controlled within certain limits, other embrittling factors, 
such as section size, for instance, may affect considerably the maximum strength 
level which is safe. 

Another such embrittling factor is hydrogen embrittlement, according to 
Mr. Vines. His experience indicates that steel screws having a strength level 
as low as 180,000 pounds per square inch (Rockwell C hardness 39) are likely 
to break in a brittle fashion, under the head, if tested under practical conditions. 
Regarding Mr. Vines’ suggestion to utilize hydrogen embrittlement for testing 
purposes, we agree with Mr. Tour that other factors, such as eccentricity or 
notch sharpness, may be controlled more readily. 

One peculiar result, which I would like to mention in relation to Mr. 
Christin’s remarks, is that we found specimens with machined square shoulders 
less likely to break under the head than upset bolts. The two series of tests 
were not entirely comparable, but it appeared to us that headed bolts may or 
may net be superior to machined bolts, depending upon as yet unknown features 
of their fabrication. 

It may be mentioned again that the results of notched bar tensile tests are 
in agreement with those of notched bar impact bending tests, at present. We 
also wonder whether repeated stresses can be evaluated as an embrittling factor 
in much the same manner as other such factors. In general, there are two 
types of embrittling factors: external factors, such as discussed primarily in 
the two papers presented by us; and internal or structural factors, such as 
strength level and hydrogen embrittlement. It appears possible that the action 
of all external factors could be explained fundamentally in the same manner, 
being primarily a function of the ductility of the metal. 
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The relationship between the quenching-bath temper- 
ature and the tempering kinetics of 6-5-1.5 high speed 
steel was studied by means of magnetic, dilatometric and 
hardness measurements. In particular, the retained aus- 
tenite decomposition on tempering was followed as a func- 
tion of time and temperature during single, double and 
multiple tempering. 

If the austenitized steel is cooled to room tempera- 
ture prior to tempering, the retained austenite can be es- 
sentially decomposed by tempering for about 2.5 hours at 
1050 degrees Fahr. (565 degrees Cent.), but if the harden- 
ing quench is arrested above room temperature, corre- 
spondingly large quantities of austenite are transferred to 
the tempering process and appreciable amounts remain 
after the above tempering treatment. Extending the time 
at 1050 degrees Fahr. (565 degrees Cent.) beyond 2.5 
hours does little to reduce the residual austenite, while 
higher tempering temperatures result in considerable soft- 
ening. However, practically complete decomposition of 
the retained austenite can be achieved in 2.5 hours at 
1050 degrees Fahr. (565 degrees Cent.) by double or mul- 
tiple tempering, even if the quenching-bath temperature 
is high. A tentative explanation for this marked difference 
between single and repeated tempering after arrested 
quenching has been presented. 

Transverse bend tests demonstrate that arrested 
quenching followed by single tempering yields inferior 
strength properties. On the other hand, if repeated tem- 
pering is used in accordance with principles described, 
very satisfactory transverse strength values can be at- 
tained despite high quenching-bath temperatures. 










HE tempering of high speed steels as reported in previous pub- 
lications was conducted upon specimens hardened by cooling 
from the austenitizing temperature to room temperature. It is now 
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research assistant, and Morris Cohen is associate professor of physical metal- 
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S. Rose is sales metallurgist, Vanadium-Alloys Steel Co., Boston. Manuscript 
received July 12, 1943. 
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essential to inquire whether deviations from this practice materially 
alter the tempering characteristics and thereby affect the ultimate 
properties of the steel. This issue was raised by the recent work 
of Gordon and Cohen (1)* who showed that subatmospheric cooling 
of hardened high speed steel prior to normal tempering causes im- 
proved mechanical properties. The merits of such low-temperature 
treatment have since been confirmed by actual performance tests. 
Consequently, it may be inferred that the lowest temperature which 
the austenitized steel attains as a part of the hardening operation has 
considerable influence on the ultimate behavior of the steel in service. 

Now, in the commercial heat treatment of high speed steel, it 
frequently happens that in the hardening operation the tools are not 
allowed to reach even room temperature—let alone subzero tempera- 
tures—before being transferred to the tempering furnace. This pro- 
cedure is commonly adopted in the case of complicated tools which 
are particularly susceptible to distortion and cracking, and is accom- 
plished by arresting the quench from the high heat temperature, 
whether the cooling be conducted in air, oil, or in molten salt fol- 
lowed by air. It is also likely that many hardened tools fail to attain 
room temperature because of inadvertent reasons. Quenching oils 
often become heated due to continuous usage, and if the tempering 
is carried out directly after quenching into such oil, the minimum 
temperature between austenitizing and tempering may become rela- 
tively high. In fact, room temperature itself may vary through 
wide limits from time to time. 

It has been amply demonstrated (2), (3) that, in the hardening 
of high speed steel, the austenite-martensite transformation takes 
place characteristically on cooling below the M-point, and thus the 
austenite: martensite ratio that goes into the tempering process de- 
pends upon the temperature to which the steel is cooled in the 
hardening operation. One immediately begins to wonder whether 
the mechanism of tempering is affected by the presence of unusual 
amounts of austenite resulting from limited cooling through the 
martensite range. There is no assurance, for example, that the 
kinetics of retained austenite decomposition on tempering, as estab- 
lished for steels hardened to room temperature (4), remain the same 
when the hardening quench is stopped above room temperature. 
As a matter of fact, it is conceivable that our lack of basic informa- 
tion concerning this interesting tempering problem is responsible for 





“The figures appearing in parentheses refer to the bibliography appended to this paper. 
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unnecessarily inferior properties in those instances where the austen- 
itized tools are not cooled “all the way”. 

The present paper attempts to lay the scientific groundwork for 
the answers to these important questions. Magnetic, dilatometric, 
hardness, and metallographic studies are reported here for high speed 
steel during tempering after austenitizing and quenching to bath tem- 
peratures between 80 and 500 degrees Fahr. (25 and 260 degrees 
Cent.), thus simulating various degrees of arrested cooling in the 
hardening operation. In particular, the retained austenite decom- 
position on tempering is followed as a function of time and tempera- 
ture with single, double and multiple* tempers. The detrimental 
consequences of the arrested cooling treatments, and the beneficial 
effect of the proposed corrective measures, are demonstrated by 
transverse bend tests. 


EXPERIMENTAL DETAILS 


Material Studied—The composition of the high speed steel form- 
ing the basis of this investigation is given in Table I. It is a standard 
commercial grade, commonly referred to as 6-6-2, although it might 
be more accurately designated as 6-5-14%4. The steel was obtained 
in the form of annealed, centerless-ground, ™%4-inch diameter rods 
through the courtesy of Mr. James P. Gill of the Vanadium-Alloys 
Steel Company. 











Chemical Analyses 
Heat No. G Mn Si W Cr V Mo 


5360 0.805 0.26 0.33 5.87 4.07 1.50 4.84 














Heat Treatment — In all cases, the specimens were austenitized 
at a temperature of 2225 degrees Fahr. (1220 degrees Cent.) in a 
carbonaceous muffle, then dipped momentarily into molten lead at 
1050 degrees Fahr. (565 degrees Cent.) to abstract the major part 
of the heat, and quenched into hot oil or molten metal at the 
predetermined arrested cooling temperature for about ten minutes. 
This period of time was sufficient to bring the specimens to the 
quenching-bath temperature without introducing any appreciable iso- 
thermal transformation of the austenite (2). Then, without further 


_*The term “‘multiple tempering’’ is used in this paper to indicate three or more tem- 
pering cycles. 
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cooling to room temperature, the specimens were transferred directly 
te a suitable lead bath for the tempering treatment. In general, 
the cooling from the tempering bath to room temperature was con- 
ducted in air. For the double and multiple tempering experiments, 
the first tempering cycle was performed just as described, while 
each of the succeeding tempers consisted of heating from room 
temperature to the tempering temperature, holding for the speci- 
fied interval of time, and cooling in air to room temperature. All 
temperatures were controlled to +5 degrees Fahr. (+3 degrees 
Cent.). 

Types of Measurements — The specimens for all the measure- 
ments were 4 inch in diameter with lengths as follows: 34 inch for 
the hardness and metallographic studies, 2 inches for the dilato- 
metric runs, 414 inches for the magnetic determinations, and 5 
inches for the bend tests. The hardness readings were made with a 
Rockwell machine, and are believed accurate to +0.3 units on the 
C-scale. Complete descriptions of the dilatometric and magnetic 
apparatus are given elsewhere (2), (5). In the bend tests, the 
specimens were supported on a 44-inch span, and loaded trans- 
versely at two intermediate points to provide a uniform bending 
monient over the middle third of the span. The breaking strength 
or modulus of rupture was calculated from simple beam theory 
and the maximum transverse load which the specimen could sus- 
tain. These measurements were carried out in triplicate, and the 
average values reported here are probably accurate to +5 per cent. 

In this investigation, the progress of the retained austenite de- 
composition as a result of tempering was observed by means of 
magnetic measurements at room temperature after the tempering 
treatment. This method was selected in preference to others avail- 
able because of its high sensitivity and rapid execution. It was 
also thought desirable to ascertain the amounts of retained austenite 
on a quantitative basis, and hence the magnetic measurements were 
calibrated with the aid of variously-treated 6-5-11%4 specimens whose 
austenite contents were known from independent dilatometric ex- 
periments (2). The resulting correlation is shown in Fig. 1. It 
will be noted that the intensity of magnetization becomes zero at 
about 93 per cent austenite (rather than at 100 per cent) because 
the austenitizing treatment leaves approximately 7 per cent of un- 
dissolved, non-ferromagnetic carbides. While the magnetic measure- 
ments can be made very accurately (0.2 per cent), the conversions 
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to austenite contents using Fig. 1 are no more accurate than the 
dilatometric method employed for the calibrating specimens in the 
first place. This experimental error is estimated at +2 per cent 
austenite. 

It is known that the curve in Fig. 1 does not hold for 18-4-1 
high speed steel, and therefore its application to compositions other 
than the one under discussion is not recommended. Also, the state 
of stress influences the magnetization values somewhat, and stress 
relief during tempering may cause an increase in magnetization even 
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Fig. 1—Calibration Curve for Converting 
Intensity of Magnetization into Per Cent Austenite. 


though the austenite content does not change. Fortunately, however, 
these stress effects, as observed at an applied field of 1000 gauss, 
are well within the +2 per cent uncertainty stated above. Moreover, 
within these limits, Fig. 1 is valid whether the ferromagnetic con- 
stituent co-existing with the austenite is tetragonal martensite, 
tempered martensite, bainite or pearlite. Again, it should be cautioned 
that this fortuitous circumstance does not necessarily prevail in 
other steels. 
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DISCUSSION OF RESULTS 


Effect of Quenching-Bath Temperature Followed by Normal 
Tempering—A set of specimens for magnetic and hardness measure- 
ment was austenitized at 2225 degrees Fahr. (1220 degrees Cent.), 
cooled to temperatures between 80 and 500 degrees Fahr. (25 and 
260 degrees Cent.), and tempered directly at 1050 degrees Fahr. 
(565 degrees Cent.) for 2% hours. This tempering treatment may 
be considered as normal since it has been shown to convert virtually 
all of the retained austenite in room temperature quenched high 
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Fig. 2—Per Cent Austenite and Hardness after 
Quenching to Indicated Temperatures and Single Tem- 
pering Directly for 2.5 Hours at 1050 Degees Fahr. 


speed steel (6). The austenite contents and hardness values re- 
sulting from the above cycles are plotted in Fig. 2 as a function of 
the quenching-bath temperature. For the sake of easy comparison, 
the amounts of austenite existing in the steel at the quenching-bath 
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temperature before tempering are also shown in Fig. 2. The latter 
data were taken from previous work of the authors (2). 
According to Fig. 2, the 24-hour tempering treatment at 1050 
degrees Fahr. (565 degrees Cent.) reduces the retained austenite 
content to about 1 per cent if the austenitized steel is first cooled 
to room temperature during the hardening operation. However, 
when the hardening quench is arrested at higher temperatures, not 
only are there increasing amounts of austenite present before tem- 
pering but there is also more and more austenite remaining in the 
steel after tempering. For example, if the quenching-bath tem- 
perature is 225 degrees Fahr. (105 degrees Cent.), about 53 per 
cent of austenite is carried over into the tempering process, and 
10 per cent of austenite remains (at room temperature) after tem- 
pering for 2% hours at 1050 degrees Fahr. (565 degrees Cent.). 
whereas if the hardening quench is continued to 80 degrees Fahr. 
(25 degrees Cent.), there is only about 23 per cent of austenite 
available for tempering, and practically none after tempering. The 
maximum austenite content (22 per cent) retained after such tem- 
pering occurs when the quenching is arrested above the martensite 
range (M-point 420 degrees Fahr., 215 degrees Cent.). In 
other words, quenching to a temperature such as 500 degrees Fahr. 
(260 degrees Cent.) and then tempering yields approximately the 
same amount of retained austenite as quenching to room temperature 
without subsequent tempering. It appears, then, that with régard 
to the transformation of the last portion of the austenite, tempering 
becomes less efficacious as the quenching-bath temperature is raised. 
The hardness after tempering increases from R, 65 with a 
quenching-bath temperature of 80 degrees Fahr. (25 degrees Cent.) 
to R. 66% when the bath temperature is 225 to 275 degrees Fahr. 
(105 to 135 degrees Cent.), and then decreases to about R, 66 as 
the bath temperature approaches and exceeds the M-point. At first 
glance, the enhanced hardness up to 225 to 275 degrees Fahr. (105 
to 135 degrees Cent.) appears anomalous in view of the accompanying 
increase in the amount of austenite which persists after tempering. 
However, the reasons for this behavior are quite clear. It must first 
be remembered that the residual austenite brought over into the 
tempering process transforms on cooling from the tempering tem- 
perature (cf. Fig. 6), and the secondary martensite thus formed is 
untempered. On the other hand, the primary martensite developed 
during the hardening quench is subjected to the tempering heat, and 
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hence undergoes some softening. It is evident that as the quenching- 
bath temperature is raised, the amount of primary martensite formed 
diminishes and the amount of residual austenite becomes greater. 
Consequently, after tempering, the structural effect of raising the 
quenching-bath temperature is to decrease the amount of tempered 
martensite and to increase the amount of untempered martensite. This 
behavior is accompanied by a finite increase in hardness. However, 
above 275 degrees Fahr. (135 degrees Cent.), the trend is counter- 
acted by the comparatively large amounts of austenite retained after 
tempering, and the hardness begins to fall off. The foregoing de- 
pendence of structural constitution on the quenching-bath tempera- 
ture is tabulated quantitatively in Table IT. 

Another way of interpreting the hardness data in Fig. 2 is in 
terms of the maximum secondary hardness attainable on tempering 
at 1050 degrees Fahr. (565 degrees Cent.) after arresting the harden- 
ing quench at various temperatures. It will be demonstrated later 
(page 431) that the tempering time to reach maximum secondary 
hardness becomes longer as the amount of austenite retained on 
hardening is increased. For example, when the quenching-bath tem- 
perature is below 225 degrees Fahr. (105 degrees Cent.), a 24-hour 
temper at 1050 degrees Fahr. (565 degrees Cent.) brings the steel 
into the softening stage beyond the secondary hardness peak, while 
with quenching-bath temperatures between 225 and 275 degrees Fahr. 
(105 and 135 degrees Cent.), maximum secondary hardness 1s 
reached in just about 2% hours at 1050 degrees Fahr. (565 degrees 
Cent.). By the same token, when the bath temperature lies above 
275 degrees Fahr. (135 degrees Cent.), 2% hours at 1050 degrees 
Fahr. (565 degrees Cent.) is not sufficient to achieve the secondary 
hardness peak. It will be noted that the hardness values in Fig. 2 
vary accordingly. 

A study of Table II shows quite clearly that arresting the hard- 
ening quench at temperatures above 80 degrees Fahr. even when fol- 
lowed by normal tempering (2% hours at 1050 degrees Fahr.) leaves 
appreciable quantities of retained austenite as well as much larger 
amounts of untempered martensite. Considering these effects plus 
the fact that the large amounts of untempered martensite form on 
cooling from the tempering temperature with attendant stress-raising 
volume changes, one would reasonably expect that arrested cooling 
on hardening might have serious consequences. This is confirmed 
by the results of the bend tests, listed in Table III. The transverse 
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breaking strength is definitely lowered by not cooling all the way to 
room temperature before tempering. 


Table Ill 


Transverse Strength After Quenching to Indicated Temperatures and Tempering 
Directly for 22 Hours at 1050 Degrees Fahr. 





Quenching-Bath Comparative 
Temperature Modulus of Rupture Strength 
Degrees Fahr. Lbs. per Sq. In. Per Cent 

80 434,000 100 
125 363,000 84 
175 287,000 66 


225 309,000 71 





Effect of Tempering Temperature After Arrested Quenching— 
Since a 24-hour temper at 1050 degrees Fahr. (565 degrees Cent.) 
was found inadequate to decompose all of the retained austenite when 
the hardening quench was stopped above room temperature, it seemed 
of both technological and practical importance to study the effect 
of tempering temperature as an independent variable. Accordingly, 
a series of specimens was quenched to a bath temperature of 225 de- 
grees Fahr. (105 degrees Cent.), and then tempered directly for 2% 
hours at temperatures ranging from 80 to 1250 degrees Fahr. (25 to 
675 degrees Cent.). The resulting hardness and retained austenite 
determinations are plotted in Fig. 3. On tempering between 80 and 
225 degrees Fahr. (25 and 105 degrees Cent.) (after quenching to 
225 degrees Fahr., 105 degrees Cent.), both the hardness and per 
cent of retained austenite remain constant. The final condition of 
the steel at room temperature after such treatment is essentially the 
same as that produced by direct quenching to room temperature. 

In the tempering range between 225 and 750 degrees Fahr: (105 
and 400 degrees Cent.), however, there is a marked decrease in hard- 
ness and a substantial increase in the amount of austenite. As a 
matter of fact, after tempering at temperatures between 450 and 
750 degrees Fahr. (230 and 400 degrees Cent.), the austenite content 
(50 to 57 per cent) is approximately that existing in the steel at the 
quenching-bath temperature of 225 degrees Fahr. (105 degrees 
Cent.). Consequently, it must be concluded that tempering above 
225 degrees Fahr. exercises a potent stabilizing influence on the 
available austenite. If it were not for this stabilization much of the 
existing austenite would transform on cooling from the quenching- 
bath temperature, i.e., if the tempering were omitted only 23 per cent 
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of austenite would remain in the steel at room temperature—the 
same amount as that retained on normal hardening. This stabilizing 
effect is actually strong enough when the tempering is conducted 
above 450 degrees Fahr. (230 degrees Cent.) to prevent any austenite 
decomposition from occurring on subsequent cooling to room tem- 
perature inasmuch as the M-point is suppressed to subatmospheric 
temperatures. The concurrent decrease in hardness is further evi- 
dence that tempering in this range leads to structures at room tem- 
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Fig. 3—Per Cent Austenite and Hardness after Quenching to 
225 Degrees Fahr. and Single Tempering 2.5 Hours at Indicated Tem- 
peratures. 


perature containing large proportions of austenite. Of course, part 
of this drop in hardness is due to the progressive tempering of the 
martensite formed during the hardening quench to 225 degrees Fahr. 
(105 degrees Cent.), but this softening effect is only of limited 
importance here. Even in steel quenched all the way to room tem- 
perature, thus containing some 70 per cent of martensite compared 
to the 42 per cent in the steel cooled to 225 degrees Fahr. (105 de- 
grees Cent.), complete tempering of the martensite at 750 degrees 
Fahr. (400 degrees Cent.) is accompanied by a softening of only 
4 points on the Rockwell “C”’ scale (4), whereas the softening shown 
in Fig. 3 amounts to almost 14 points. 

When the tempering temperature is raised to 750 to 1050 de- 
grees Fahr. (400 to 565 degrees Cent.) (Fig. 3), there is a sharp 
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increase in the hardness and a simultaneous reduction in the austenite 
content. Although the stabilizing effect described above is un- 
doubtedly active at these tempering temperatures, the range is suffi- 
ciently high to cause carbide precipitation from the austenite and 
thereby condition the austenite for transformation during the cooling 
to room temperature. This conditioning becomes more marked as 
the tempering temperature is raised, until at temperatures above 950 
degrees Fahr. (510 degrees Cent.) the stabilizing influence becomes 
completely obscured. However, even on tempering at 1050 degrees 
Fahr. (565 degrees Cent.) the conditioning does not proceed far 
enough to cause all of the austenite to transform during the sub- 
sequent cooling. 

On tempering above 1050 degrees Fahr. (565 degrees Cent.), 
the amount of retained austenite continues to decrease but there is 
also a very precipitous drop in hardness. ‘This combination of 
changes strongly suggests that some isothermal decomposition of the 
austenite takes place, probably into a relatively soft aggregate of 
ferrite and carbide (2). 

Effect of Tempering Time at 1050 Degrees Fahr. (565 Degrees 
Cent.) After Arrested Quenching—lIn an effort to secure a better 
understanding of the tempering process after arrested quenching, a 
set of specimens was cooled to temperatures between 80 and 500 
degrees Fahr. (25 and 260 degrees Cent.), and then tempered at 
1050 degrees Fahr. (565 degrees Cent.) for different lengths of time, 
each specimen being tempered once. 1050 degrees Fahr. was selected 
for this study because of its common use in practice, and because it 
yields very high hardness after arrested hardening (Fig. 3). The 
austenite contents remaining after these treatments are shown in 
Fig. 4. Some results after tempering at 750 degrees Fahr. (400 
degrees Cent.) are included as an illustration of what might be 
expected if extremely short times at 1050 degrees Fahr. (565 degrees 
Cent.) could be studied. The percentages of austenite at the quench- 
ing-bath temperatures are also indicated for comparison purposes. 

The unusual trends in Fig. 4 are readily explained on the basis 
of the stabilizing and conditioning effects previously noted. The 
stabilizing influence is most clearly evident after quenching to tem- 
peratures up to 225 degrees Fahr. (105 degrees Cent.) followed by 
tempering at 750 degrees Fahr. or for very short times at 1050 de- 
grees Fahr. (565 degrees Cent.). In fact, all of the austenite present 
in the steel at bath temperatures up to 225 degrees Fahr. (105 de- 








1944 TEMPERING HIGH SPEED STEEL 423 


grees Cent.) can be stabilized by tempering for 2% hours at 750 
degrees Fahr. (400 degrees Cent.). However, when the quenching- 
bath temperature is progressively raised above 225 degrees Fahr., the 
amount of austenite retained after tempering at 750 degrees Fahr. 
begins to diminish rapidly (curve 3, Fig. 4). Since relatively little 
conditioning occurs at 750 degrees Fahr., the decreasing amounts of 
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Fig. 4—Per Cent Austenite as a Function of Quench- 


ing-Bath Temperature and the Subsequent Tempering 
Treatment. 


retained austenite cannot be entirely accounted for in this way. Con- 
sequently, it appears that the stabilizing action due to the tempering 
treatment becomes less and less potent as increasing quantities of 
austenite are carried into the tempering operation. In the extreme 
case where the bath temperature is above the M-point and the steel 
is completely austenitic (except for excess carbides) on being trans- 
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Fig. 5—Microstructures of 6-5-1.5 Steel after Quenching to Indicated Bath Tem- 
peratures and Single Tempering for 2.5 Hours at 


750 Degrees Fahr. Nita] Etch. 
xX 1000. Quenching Bath Temperatures (a) 80 Degrees Fahr. (b) 125 Degrees Fahr. 
(c) 175 Degrees Fahr. (d) 225 Degrees Fahr. (e) 275 Degrees Fahr. (f) 325 Degrees 
Fahr. 
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ferred to the tempering furnace, no appreciable stabilization is found. 

Conditioning does make itself felt when the tempering tempera- 
ture is raised to 1050 degrees Fahr. (565 degrees Cent.). For each 
bath temperature, the austenite retained after tempering at 1050 
degrees Fahr. decreases as the tempering time is increased (curves 
3-8, Fig. 4). This means that sufficient conditioning takes place to 
vitiate at least part of the stabilizing effect, and corresponding 
amounts of austenite decomposition occur on cooling from the tem- 
pering temperature. Nevertheless, if the quenching bath temperature 
is above 125 degrees Fahr. (50 degrees Cent.) considerable quanti- 
ties of austenite persist even after tempering at 1050 degrees Fahr. 
for 10 hours (curve 8, Fig. 4). 

In order to substantiate the surprising effects illustrated by 
Fig. 4, a number of metallographic and dilatometric studies were 
made. The photomicrographs shown in Fig. 5 represent a series of 
specimens quenched to temperatures between 80 and 325 degrees 
Fahr. (25 and 165 degrees Cent.), directly tempered for 2% hours 
at 750 degrees Fahr. (400 degrees Cent.) and then retempered for 
1 hour at 1050 degrees Fahr. (565 degrees Cent.) to darken the 
existing martensite.* The microstructures of Fig. 5 demonstrate 
very clearly the increasing amounts of austenite retained after cooling 
to bath temperatures up to 225 degrees Fahr. (105 degrees Cent.) 
followed by tempering at 750 degrees Fahr. (400 degrees Cent.). 
Furthermore, the amount of austenite begins to decrease as the 
quenching bath temperature is raised above 225 degrees Fahr. (105 
degrees Cent.), in accordance with curve No. 2 of Fig. 4. 

The dilation curves of Fig. 6 are also in good agreement with 
the data in Fig. 4. Curve A-1 shows no sign of austenite decom- 
position during cooling from a tempering treatment of 2 minutes at 
1050 degrees Fahr. (565 degrees Cent.) (after arrested hardening at 
175 degrees Fahr., 80 degrees Cent.). In this case, the stabiliza- 
tion is completely effective in retaining to room temperature all of 
the austenite brought over into the tempering treatment. However, 
as the quenching bath temperature is raised, and/or as the tempering 
time is lengthened, increasing amounts of austenite undergo decom- 
position on cooling from the tempering operation. 





*The purpose of this heat treatment is to reveal the amount of austenite after arrested 
quenching and tempering at 750 degrees Fahr. (400 degrees Cent.). The subsequent tem- 
pering at 1050 degrees Fahr. (565 degrees Cent.) is primarily intended to darken any mar- 
tensite which may have formed on cooling from the 750 degrees Fahr. (400 degrees Cent.) 
temper. Undoubtedly, the second temper causes further decomposition of the austenite on 
cooling but this product, being untempered, etches light and is indistinguishable from the 
austenite whose presence is being sought. 
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To summarize the implications of the foregoing experiments, 
there is now good evidence that, on tempering, the retained austenite 
in high speed steel is subjected to a stabilizing influence which acts 
to prevent decomposition during the subsequent cooling. However, 
this stabilizing action gradually becomes inoperative as the quantity 
of austenite exposed to tempering is increased. Conceivably the 
stabilizing tendency may be enhanced by raising the tempering tem- 
perature or lengthening the tempering time, but then the condition- 
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Fig. 6—Dilation Curves for Cooling from the Tempering Treatment after Quench- 
ing to 175, 225 and 275 Degrees Fahr. 


ing reaction (carbide precipitation) sets in, and begins to counter- 
balance the stabilizing effect. Accordingly, in all likelihood, there 
is an upper limit to the amount of austenite which can be retained at 
ro6m temperature by means of stabilization. This limit is probably 
somewhat above the maximum austenite content of 56 per cent re- 
tained during the course of this work. 

Effect of Single, Double and Multiple Tempering After Ar- 
rested Quenching—The data described thus far were based on single 
tempers, that is, the tempering treatments were carried out for the 
required length of time without intermediate coolings to room tem- 
perature. It has already been demonstrated elsewhere (4) that, in 
normally hardened high speed steel, there is practically no difference 
between single and repeated tempering in their effect on the rate of 
retained austenite decomposition. However, it is not known whether 
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this situation remains the same when the hardening quench is arrested 
above room temperature. Therefore, the next step in this research 
was to investigate the rate of austenite decomposition as a function 
of tempering time in single, double and multiple cycles after quench- 
ing to various bath temperatures. The curves in Figs. 7 to 11 
represent the results of retained austenite and hardness determinations 
made on specimens cooled to bath temperatures of 80, 125, 175, 225 
and 275 degrees Fahr. (25, 50, 80, 105 and 135 degrees Cent.) and 
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Fig. 7—Per Cent Austenite and Hardness after Quench- 
ing to 80 Degrees Fahr. and Tempering at 1050 Degrees Fahr. 


then tempered directly at 1050 degrees Fahr. (565 degrees Cent.) 
as indicated. The measurements for the multiple tempering curves 
were obtained on specimens that were quenched to the designated 
bath temperatore, tempered at 1050 degrees Fahr. (565 degrees 
Cent.) for the first interval of time (2 min.), cooled to room tem- 
perature for the measurements, heated again to 1050 degrees Fahr. 
(565 degrees Cent.) for a period sufficient to bring the total temper- 
ing time to that represented by the next point on the curve, cooled 
to room temperature for measurements corresponding to the accumu- 
lated tempering time, heated again to 1050 degrees Fahr. (565 de- 
grees Cent.), and so on. The steps in this multiple tempering 
process are illustrated by the arrow heads running along the retained 
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austenite curves in Figs. 7 to 11. The points on the single tempering 
curves were obtained by cooling specimens to the designated bath 
temperature, then directly tempering each specimen once at 1050 
degrees Fahr. (565 degrees Cent.) for the appropriate length of 
time, and cooling to room temperature for the measurements. Com- 
* prehensive single tempering experiments were performed after hard- 
ening to 225 and 275 degrees Fahr. (105 and 135 degrees Cent.) 
(Figs. 10 and 11), while only 2%-hour single tempers were con- 
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Fig. 8—Per Cent Austenite and Hardness after Quench- 
ing to 125 Degrees Fahr. and Tempering at 1050 Degrees Fahr. 


ducted after hardening to 80, 125 and 175 degrees Fahr. (25, 50 and 
80 degrees Cent.). (This explains the individual single tempering 
points in Figs. 7, 8 and 9.) To secure the double tempering results 
shown in Figs. 10 and 11, the specimens which had been single 
tempered were each retempered once more for a suitable length of 
time to bring the cumulative time up to that signified by the next 
point on the curve. The dashed lines portray the method of using 
the single tempered specimens for the additional temper so as to 
yield the data for the double tempering curves. 

A number of important observations may be drawn from the 
curves in Figs. 7 to 11. (A) If the steel is hardened by cooling to 
room temperature (Fig. 7), a subsequent temper of 2% hours at 
1050 degrees Fahr. (565 degrees Cent.) results in virtually complete 
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transformation of the retained austenite regardless of whether the 
tempering is conducted in one or in several operations. This con- 
firms the previous findings of Cohen and Koh (4). (B) However, 
if the hardening quench is arrested above room temperature, then a 
marked difference develops between double and multiple tempering 
on the one hand and single tempering on the other. In particular, 
single tempering for 2%4 hours at 1050 degrees Fahr. (565 degrees 
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Fig. 9—Per Cent Austenite and Hardness after Quench- 
ing to 175 Degrees Fahr. and Tempering at 1050 Degrees Fahr. 


Cent.) after hardening to temperatures above 80 degrees Fahr. (25 
degrees Cent.) leaves considerable quantities of austenite in the steel 
—the higher the quenching-bath temperature,* the greater is the 
amount of residual austenite after such tempering. Furthermore, from 
the shape of the single tempering curves in Figs. 10 and 11, it is 
evident that single tempering, even if prolonged for days, will not 
condition the austenite sufficiently to achieve total decomposition. 
On the other hand, either double or multiple tempering for a cumula- 
tive time of 2% hours after quenching to any temperature up to 
275 degrees Fahr. (135 degrees Cent.) (and probably higher) does 
result in essentially complete decomposition of the retained austenite. 


*Up to the M-point. 
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In other words, no matter how large the amount of austenite trans- 
ferred to the tempering operation because of arrested hardening, its 
entire conversion can be accomplished by tempering for 2%4 hours 
at 1050 degrees Fahr. (565 degrees Cent.) if the tempering is carried 
out in two or more operations. (C) As far as the retained austenite 
decomposition is concerned, multiple tempering is somewhat more 
effective than double tempering when compared at equivalent temper- 
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Fig. 10—Per Cent Autsenite and Hardness after 
Quenching to 225 Degrees Fahr. and Tempering at 1050 
Degrees Fahr. 


ing times, but the difference may be regarded as negligible for prac- 
tical purposes. (D) The time to reach maximum secondary hardness 
on tempering at 1050 degrees Fahr. (565 degrees Cent.) is only 
slightly affected by the quenching-bath temperature if double or 
multiple tempering is used (being about % hour), but in the case 
of single tempering, the hardness peak is shifted from % hour after 
a room temperature quench to'2%4 hours after quenching to 225 to 
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275 degrees Fahr. (105 to 135 degrees Cent.). Table IV lists the 
approximate tempering times at 1050 degrees Fahr. (565 degrees 
Cent.) for maximum secondary hardness and for complete austenite 
transformation in relation to the quenching-bath temperature. 
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Scientific Considerations—The basic reason for the sluggishness 
of the austenite decomposition on single tempering after arrested 
hardening is worthy of considerable thought, particularly in view of 
the comparative effectiveness of double and multiple tempering. 
Therefore, an attempt was made to throw some light on these unusual 
phenomena. At first, it might be assumed that, since the retained 
austenite transforms during the cooling from the tempering. tem- 
perature, intermittent coolings would tend to stimulate the conversion 
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of the austenite for any given cumulative tempering time. This 
possibility, however, was ruled out as a general explanation by the 
following experiments. Two specimens were austenitized and 
quenched to 225 degrees Fahr. (105 degrees Cent.), tempered for 


Table IV 


Tempering Time at 1050 Degrees Fahr. for Maximum Secondary Hardening and for 
Practically Complete Transformation of the Retained Austenite After Quenching 
to Various Bath Temperatures 





Tempering Time at 1050 Degrees Fahr., Hours 
For Maximum—————_., 7 F or Complete 


Quenching-Bath Secondary Hardening Transformation 
Temperature Single Double or Mul- Single Double or Mul- 
Degrees Fahr. Tempering tiple Tempering Tempering tiple Tempering 

80 "% v4 2¥4 2% 
125 a ¥, ese 2 
175 2% 1 Ses 2% 
225 2% 1 >10 2% 
“7 2¥% 1 S10 2% 








2% hours at 1050 degrees Fahr. (565 degrees Cent.), and cooled in 
air to room temperature. In each specimen, the magnetic measure- 
ments disclosed about 10 per cent of residual austenite. One speci- 
men was then subjected to six 5-minute tempers at 1050 degrees 
Fahr. (565 degrees Cent.), and was found to contain 3 per cent of 
austenite after this cumulative exposure of % hour. The second 
specimen was tempered for % hour at 1050 degrees Fahr. (565 
degrees Cent.) in a single operation, and it also contained 3 per cent 
of austenite. From this, it is clear that the number of actual heatings 
and coolings, per se, have no detectable effect on the rate of austenite 
decomposition. This conclusion is further supported by the fact that 
the retained austenite in specimens quenched to room temperature 
can be completely transformed by a total time of 2% hours at 
1050 degrees Fahr. (565 degrees Cent.) regardless of the number 
of tempering cycles (4). 

Another tentative explanation, which was tested and then re- 
jected, is concerned with the possible formation of bainite instead 
of martensite during the cooling from the tempering temperature. 
It is known that when bainite is allowed to form at the expense of 
martensite (2), the over-all austenite decomposition attained by the 
time room temperature is reached may be considerably less than 
when the bainite transformation is avoided. It is quite conceivable, 
then, that long single tempering might well result in bainite formation 
expecially when large amounts of austenite are involved, whereas 
shorter repeated tempers might merely condition the austenite for 
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increments of martensite formation. To test this hypothesis, two 
specimens were first quenched to 225 degrees Fahr. (105 degrees 
Cent.), single-tempered for 2% hours at 1050 degrees Fahr. (565 
degrees Cent.) and then cooled to room temperature in a dilatometer. 
In one run, the dilatometer containing the specimen was cooled in 
air, and in the other, the cooling was conducted much more slowly 
in a furnace. The corresponding dilation curves are shown in Fig. 
12. On furnace cooling, there is definite evidence of a split trans- 
formation, the upper step being due to bainite formation, and the 
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Fig. 12—Dilation Curves Showing Effect of 
Rate of Cooling from the Tempering Treatments 


after Quenching to 225 Degrees Fahr. and Tem- 
pering Directly for 2.5 Hours at 1050 Degrees Fahr. 


lower to martensite formation. On air cooling, however, the bainite 
transformation is suppressed, and only martensite forms. Yet more 
austenite decomposition occurs in the latter event than when the 
bainite comes into the picture, as is demonstrated by the fact that 
air cooling results in a substantially greater transformational expan- 
sion than furnace cooling (Fig. 12). 

Since these findings indicate that the rate of cooling may influ- 
ence the extent of austenite decomposition after certain tempering 
treatments because of bainite formation, further variations in cooling 
rate were investigated. A series of specimens was quenched to 225 
degrees Fahr. (105 degrees Cent.), tempered once at 1050 degrees 
Fahr. (565 degrees Cent.) for 2% hours, and cooled to room tem- 
perature at the rates indicated in Table V. A double temper of 
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1 + 1% hours is also included for comparison purposes. From the 
amounts of residual austenite listed in Table V, it is manifest that 
the magnitude of the cooling transformation increases with the faster 
rates of cooling, and the quantity of austenite remaining diminishes 
correspondingly. Nevertheless, even water quenching, which is un- 
doubtedly rapid enough to suppress all traces of bainite formation, 
leaves much more austenite than the equivalent double temper with 
air cooling. Hence, although bainite may form under some condi- 
tions on cooling from the tempering temperature, it certainly cannot 
account for the slower decomposition of the retained austenite 
achieved by single tempering compared to that achieved by repeated 
tempering. 

The authors have reached the tentative conclusion that the reason 
for this difference between single and repeated tempering is associated 
with the carbide precipitation process which conditions the retained 
austenite for transformation during the cooling. When high speed 
steel is normally hardened to room temperature, the 23 per cent of 


Table 


Effect of Cooling Rate After Tempering on the Amount of Retained Austenite. 
Specimens quenched to 225 degrees Fahr. and tempered once at 1050 
degrees Fahr. for 242 hours. 








Tempering Cooling Per Cent Austenite 
Treatment Medium After Tempering 
Single Temper, 2% hours Furnace 22 
Single Temper, 2% hours Lime 12 
Single Temper, 2% hours Air 10 
Single Temper, 2% hours Oil 7 
Single Temper, 2% hours Water 7 


Double Temper, 1 + 1% hours Air <M 





retained austenite can be conditioned for essentially complete con- 
version by tempering at 1050 degrees Fahr. (565 degrees Cent.) for 
2% hours. Yet if the steel is quenched to 1050 degrees Fahr. (565 
degrees Cent.) in the first place, and held there for 2% hours, about 
22 per cent of austenite remains after cooling to room temperature. 
In other words, the latter exposure at 1050 degrees Fahr. (565 de- 
grees Cent.) causes very little conditioning of the austenite for addi- 
tional decomposition. Therefore, it becomes necessary to account for 
the occurrence of carbide precipitation when the retained austenite is 
exposed to 1050 degrees Fahr. (565 degrees Cent.) and the absence 
of any such amount of precipitation when the primary austenite is 
heated in the same way. Since the chemistry of the austenite and the 
rate of diffusion are presumably the same in both cases, it is reason- 
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able to believe that the difference in the rate of carbide precipitation 
is due to a difference in the rate of nucleation. It appears that the 
presence of martensite formed during the hardening quench pro- 
vides nuclei for the carbide precipitation, and that when no martensite 
is allowed to form because of stopping the quench above the M-point, 
the rate of carbide nucleation becomes very small. Proceeding along 
these lines, it would follow that the rate of austenite conditioning 
on tempering increases with the amount of co-existing martensite. 

If this picture is accepted, the difference between single and 
repeated tempering is readily explained. As the quenching-bath 
temperature is raised, the amount of martensite carried into the 
tempering process is decreased, while the amount of austenite is in- 
creased. Consequently, the nucleating effect due to the martensite 
is lessened, and even prolonged single tempering does not prepare the 
last portion of the austenite for decomposition. But, on repeated 
tempering, the situation is greatly altered. For example, suppose the 
steel is cooled to 225 degrees Fahr. (105 degrees Cent.) and then 
tempered for 1+ 1% hours at 1050 degrees Fahr. (565 degrees 
Cent.). Under these conditions, the magnetic data indicate that 56 
per cent of austenite and only 37 per cent of martensite go into the 
first tempering cycle. On heating for 1 hour, enough conditioning 
occurs so that about 41 per cent of austenite transforms into mar- 
tensite on cooling, thus leaving 15 per cent of residual austenite 
(Fig. 10), With the 78 per cent of martensite now available for 
aiding the carbide nucleation, the remaining austenite can be condi- 
tioned for decomposition in another 114 hours at 1050 degrees Fahr. 
(565 degrees Cent.). If the tempering had been carried out as a 
single temper for 2%4 hours, only 37 per cent of martensite would be 
present during tempering to enhance the nucleation process, and 
therefore, the austenite would not be completely converted on cooling. 
Fig. 10 shows that about 10 per cent of austenite remains as a result 
of this 2\%4-hour single temper, whereas a double or multiple temper 
for 2% hours decomposes virtually all the austenite. 

Practical Considerations—It has been demonstrated (Table III) 
that arresting the hardening quench of high speed steel prior to 
tempering leads to inferior strength properties. Unfortunately, how- 
ever, hardening all the way to room temperature is not always 
feasible because of the danger of cracking. This is particularly true 
in the case of complicated sections, where one might well be inclined 
to compromise on the strength rather than risk the entire loss of an 
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expensive tool by cracking. Obviously, it would be of great prac- 
tical importance if the tempering process could be adjusted to nullify 
the detrimental weakening effect of arrested hardening; then there 
would be no disadvantage in stopping the quench above room tem- 
perature, and such a treatment could be applied freely whenever 
potential cracking was inherent in the design of the tool. 

A clue for the solution of this dilemma is provided by the unex- 
pected differences revealed between single and repeated tempering 
when arrested hardening is employed. Accordingly, it was decided’ 
to ascertain the comparative influence of single, double and triple 
tempering om the transverse strength. Several bend test specimens 
were quenched to 80 and 225 degrees Fahr. (25 and 105 degrees 
Cent.), and were subjected to various combinations of tempering 


cycles, all at 1050 degrees Fahr. (565 degrees Cent.). The average 
results are tabulated in Table VI. 














Table VI 
Transverse Strength of 6-5-1, High Speed Steel Quenched to 80 and 225 Degrees Fahr., 
and Tempered in Single, Double and Triple Combinations at 1050 Degrees Fahr. 


Quenching-Bath 


Temperature Treatment at 1050 Degrees Fahr. Modulus of 


«=, Per Cent Improve- 
Desig- Degrees 


: Time of Temper- Rupture ment over Single 
nation Fahr. No. of Tempers ing, Hours Lbs. per Sq. In. Tempering 

1 80 1 2 434,000 on 

2 80 2 24+1 490,000 13 

3 225 1 2y 309,000 xe 

4 225 2 24+2% 402,000 30 

5 225 3 2%+2%+1 450,000 46 

6 225 2 1+1% 377,000 22 

7 225 3 1+1%+4+1 445,000 44 














It is immediately evident from Table VI that double and triple 
tempering markedly enhance the transverse strength. After harden- 
ing to room temperature, the improvement is definite, but relatively 
moderate (Treatments 1 versus 2); here the second heating acts 
to relieve the stresses induced by the transformation of some 22 
per cent of austenite during the cooling from the first operation 
(Table II), as well as to toughen the untempered martensite thus 
formed. Further transformation stresses are not generated during 
the cooling from the second temper since there is practically no 
austenite remaining after the first cycle. 

After quenching to 225 degrees Fahr. (105 degrees Cent.), 
however, the advantage of more than one tempering operation be- 
comes quite striking. In this case, there is a large improvement as 
a result of double tempering,, but a triple temper provides further 
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benefit. After the first temper of 2% hours (Treatment 3), the 
steel contains on the basis of the magnetic data about 46 per cent 
of untempered martensite in addition to the internal stresses produced 
by the formation of this martensite on cooling. Both of these factors 
tend to detract from the strength. Consequently, the second heating 
(Treatment 4) raises the strength by toughening the untempered 
martensite and reducing the internal stresses. Moreover, the second 
temper achieves the decomposition of the final 10 per cent of austen- 
ite (Table Il) not converted by the first temper. Therefore, a third 
heating (Treatment 5) is necessary to relieve the transformation 
stresses and toughen the last increment of martensite. This nicely 
explains the higher strength obtained after triple tempering (Treat- 
ment 5) than after double tempering (Treatment 4). 

Thus it appears that multiple tempering in accordance with 
the principles reported here does much to correct the adverse effect 
of arrested hardening on the strength properties. In fact, an im- 
provement in strength of almost 50 per cent is attained when the 
proper tempering practice is adopted instead of the normal or 
single tempering. In addition, this paper presents the scientific 
data for selecting the proper combination of tempering cycles. Stated 
briefly, when the quenching-bath temperature is sufficiently high so 
as to cause the transfer of large quantities of austenite to the 
tempering operation, a tempering temperature of 1050 degrees Fahr. 
(565 degrees Cent.) is quite satisfactory (just as for normal 
hardening), but the austenite cannot be adequately conditioned 
during a single temper to achieve its entire conversion on cooling 
back to room temperature. At the same time, during this cooling, a 
large amount of austenite does transform into untempered mar- 
tensite with attendant stress-raising volume changes. While a 
second temper can “take care’ of these detrimental factors, further 
austenite decomposition into untempered martensite results during 
the second cooling, and this makes a third heating desirable. If, 
as in the case of hardening to room temperature, the total austenite 
decomposition can be accomplished by a single temperitg treatment, 
then, of course, no austenite is left to transform on cooling from 
the second temper, and a third operation becomes unnecessary. 

Therefore, in selecting a combination of tempering cycles, two 
treatments should be used if the retained austenite can be sub- 
stantially converted by the first temper, but if two cycles are 
required to achieve complete decomposition of the austenite (as 
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is the case when the hardening quench is arrested appreciably above 
room temperature), then triple tempering is justified. However, the 
times selected are quite flexible. The triple temper corresponding 
to Treatment 5 (2%4+2%-+1 hours) involves an accumulated time 
of 6 hours at temperature. This time element may be materially 
reduced by studying the austenite decomposition curves in Figs. 
7 to1l. For example, after cooling to a quenching-bath temperature 
of 225 degrees Fahr. (105 degrees Cent.) the retained austenite 
can be almost totally transformed by a double temper of 1+1% 
hours. Then by applying a third temper of 1 hour for stress relieving 
and toughening purposes, one would expect quite satisfactory re- 
sults even though this combination involves an effective tempering 
time of only 3% hours instead of 6 hours. This prediction is 
substantiated by Treatment 7 in Table VI which shows just about 
as much improvement over single tempering as does the longer 
Treatment 5. 

Despite the corrective action of multiple tempering when ap- 
plied to steels whose hardening is arrested above room temperature, 
the fact still remains that the highest strength values are secured 
whtn the quenching-bath temperature is as low as possible. In 
fact, even higher strengths than obtainable on quenching to room 
temperature may be secured if the cooling is continued to sub- 
zero temperatures (1). Nevertheless, wherever such low tempera- 
ture cooling jeopardizes the steel because of possible cracking, 
arrested hardening may be safely employed in conjunction with 
multiple tempering with the assurance that very respectable strength 
properties will be attained. 


CONCLUSIONS 


1. A 2¥% hour single temper at 1050 degrees Fahr. is sufficient 
to cause complete transformation of the retained austenite in 
6-5-1%4 high speed steel if the previous hardening quench is car- 
ried to room temperature. 

2. If, however, the hardening quench is arrested above room 
temperature, then appreciable quantities of austenite remain in 
the steel after single tempering for 2%4 hours at 1050 degrees Fahr. 
The amount of austenite thus retained is greater, the higher the 
quenching-bath temperature. 

3. The transverse strength of the 6-5-1% steel after arrested 
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hardening and single tempering for 2% hours at 1050 degrees 
Fahr. decreases considerably as the quenching-bath temperature 
is raised. 

4. Raising the tempering temperature above 1050 degrees 
Fahr. decreases the amount of austenite retained after arrested 
quenching and single tempering, but such tempering is accompanied 
by large decreases in hardness. 

5. After arrested quenching, even prolonged single tempering 
at 1050 degrees Fahr. does not cause the decomposition of all the 
austenite. 

6. On the other hand, complete austenite decomposition after 
arrested quenching can be achieved in 2% hours at 1050 degrees 
Fahr. provided that double or multiple tempering is used. A tenta- 
tive explanation for this striking difference between single and 
repeated tempering after arrested quenching has been presented. 

7. Repeated tempering after arrested quenching, and also after 
quenching to room temperature, causes a significant increase in 
the transverse strength of the steel. Whenever the quenching-bath 
temperature is appreciably above room temperature and, hence, 
double tempering is needed to accomplish complete decomposition of 
the retained austenite, a third temper results in further improvement 
of the strength properties. In spite of the highly acceptable values 
of transverse strength thus obtained, however, the highest strength 
values are secured when the quenching-bath temperature is as 
low as possible. 
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DISCUSSION 


Written Discussion: By Bernard S. Lement, assistant metallurgist, 
Watertown Arsenal, Watertown, Mass.” 

The authors are to be congratulated for their latest contribution to the 
steadily increasing knowledge of the various factors affecting the austenite trans- 
formation which occurs in high speed steel. In this paper they have brought 
to light hitherto unsuspected effects connected with the minimum temperature 
reached during the quenching of high speed steel. Their work has practical 
significance in that scientific principles have been established which will enable 
heat treaters to insure near optimum strength properties in high speed steel tools 
subjected to varying quenching conditions encountered in practice. As a result 
of this investigation, multiple tempering has taken on new and added importance 
in the heat treatment of high speed steel tools. 

Although the authors have furnished what appears to be a satisfactory 
explanation of the effectiveness of multiple tempering as compared with single 
tempering in causing the complete transformation of the austenite existing at the 
qtenching bath temperature, no explanation is offered as to why stabilization 
of the austenite should take place as a result of single tempering. This stabilizing 
effect appears to be related to a similar phenomenon observed by Gordon and 
Cohen in their investigation’ of the transformation of retained austenite in high 
speed steel during cooling to subatmospheric temperatures. It was found that 
both aging at room temperature and tempering after reaching room temperature 
had the effect of suppressing the austenite transformation which would normally 
occur on direct cooling to the temperature of liquid nitrogen. The explanation 
offered by the authors for this phenomenon was that both aging at room tem- 
perature and tempering after reaching room temperature probably result in relief 
of the internal stresses set up by the hardening transformation. This explana- 
tion may account for the stabilizing effect described in the present paper although 
it is not clear why the stabilizing action due to the tempering treatment should 
become less and less potent as increasing quantities of austenite are carried into 
the tempering operation. 

Another possible explanation for this stabilizing effect lies in the possible 
isothermal formation of a small amount of bainite at the tempering temperature. 
As was shown by the authors in their investigation’ of the S-curve of 6-6-2 high 
speed steel, hot quenching to temperatures in the range of 400 to 700 degrees 


1Released for publication by the Bureau of Publications, War Department, Washington, 
D. C. The statements or opinions expressed in the discussion are to be considered those of 
the discusser and do not necessarily express the views of the Ordnance Department. 


2P. Gordon and M. Cohen, “The Transformation of Retained Austenite in High Speed 
Steel at Subatmospheric Temperatures’’, Transactions, American Society for Metals, Vol. 
30, 1942, p. 569-591. 

8P. Gordon, M. Cohen and R. S. Rose, ‘“‘The Kinetics of Austenite Decomposition in 
High Speed Steel,’”’ Transactions, American Society for Metals, Vol. 31, 1943, p. 161-217. 
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Fahr. (205 to 370 degrees Cent.) caused the austenite to transform to bainite 
and that this bainite formation had a stabilizing effect on the untransformed 
austenite. Since this temperature range corresponds fairly well with the tem- 
pering range of maximum stabilization as indicated in Fig. 3 for a hot quenching 
temperature of 225 degrees Fahr. (105 degrees Cent.), it is possible that some 
isothermal transformation to bainite may occur. It is desired to know what 
consideration was given to this possibility. 

The effectiveness of double tempering as compared with single tempering 
in causing austenite transformation has been emphasized in this paper. It would 
be of interest to' know the maximum amount of retained austenite (resulting 
from a quench-temper treatment) that could be transformed by a second tem- 
pering treatment consisting of 2.5 hours at 1050 degrees Fahr. (565 degrees 
Cent.). It would be of further interest to know how much austenite could be 
transformed by a tempering treatment consisting of 2.5 hours at 1050 degrees 
Fahr. (565 degrees Cent.) in the case where stabilization of the austenite has 
been accomplished by hot quenching into the temperature range of isothermal 
bainite formation above the M-point. 

Written Discussion: By Otto Zmeskal, research metallurgist, Universal- 
Cyclops Steel Corp., Bridgeville, Pa. 

This paper is another in the series of important contributions made by Dr. 
Cohen and his co-workers to the steadily growing scientific knowledge of the 
heat treatment of high speed steel. 

The desirability of completing the quench before tempering has been 
scientifically demonstrated. The necessity of multiple tempering to obtain com- 
plete transformation of the retained austenite in tools that have not been allowed 
to go cold prior to tempering has been conclusively demonstrated. 

The writer would like to ask this question of the authors: “Is complete 
transformation of the retained austenite a general objective to be always aimed 
at in the tempering of high speed steel?” In a previous publication,‘ Dr. Cohen 
has shown that the peak in hot hardness of 18-4-1 high speed steel is obtained 
when the tempering time is long enough to completely transform the residual 
austenite. The room temperature hardness of the steel so treated is at least one 
Rockwell C point below that of the state wherein five per cent retained austenite 
is present. It has been expressed that a small amount of retained austenite acts 
as a cushion to the martensite which forms during the cooling from the draw, 
and thus the internal stress condition is somewhat alleviated. Have the authors 
data to state what is the effect on the transverse strength of high speed steels, of 
completing the austenite transformation at temperatures other than 1050 degrees 
Fahr. (565 degrees Cent.) ? 

A commercial practice in the heat treatment of large objects made of high 
speed steel, such as rolls, is to quench to temperatures approximately 500 degrees 
Fahr. (260 degrees Cent.) and then to bring the object to the drawing tempera- 
ture and cool to not lower than 500 degrees Fahr. (260 degrees Cent.) between 
repeated draws. From the work of the authors, it seems that the above practice 
should be modified, and that an improved cycle would require quenching from 
temperatures approximately 225 degrees Fahr. (105 degrees Cent.), followed 
by multiple tempering, with complete cooling between the draws. 





4E. C. Bishop and Morris Cohen, Metat Procress, March 1943, Vol. 43, p. 413. 
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The authors have not discussed the matter of the temperature to which a tool 
should be cooled between draws. Presumably the same principles that govern 
the stability of the residual austenite from the quench would also govern the 
stability of the residual austenite from the temper. 

It is hoped that Dr. Cohen and his co-workers will gradually develop the 
scientific bases for the long list of modifications used in the heat treatment of 
high speed steel. 

Written Discussion: By M. J. Weldon, metallurgist, The Henry G. 
Thompson & Son Co., New Haven, Connecticut. 

It is with a deep sense of gratification that we welcome this further con- 
tribution of the authors to the technical literature on high speed steel. The writer 
is particularly interested in the results of the transverse bend tests shown in 
Tables III and VI respectively. We understand through Dr. Cohen that the 
specimens were centerless ground prior to testing. This practice is to be highly 
recommended since the test by its very nature is purely a surface test, that is, we 
are really measuring the ultimate strength of the outermost fibers in tension. The 
removal of surface that was probably altered in carbon content to a variable extent 
in heat treatment is consequently imperative. It is trusted that the specific 
results of Table VI will constitute the fundamental bases for modifications that 
should most certainly be made in the next revision of the National Metals Hand- 
book dealing with the recommended quenching practice of high speed steels 
(p. 1000-1006, 1939 Edition). 

One of the most perplexing problems confronting the tool steel metallurgist 
today is that of diagnosing premature failures of high speed cutting tools. In 
too many cases, such failed tools will be accompanied by the laconic report that: 
“...it dubbed over”, or that: “...it didn’t stand up.” In cases where it is pos- 
sible to progressively examine the tool during its service life, observation has 
disclosed the presence of weak cutting edges and failure was promoted by fine 
chipping and crumbling of the cutting edges followed by a rubbing action the sum 
total of which was finally termed “premature wear”. Close inspection of such 
tools has shown that the so-called failures can only be observed by examination 
of the cutting points shortly after the tools are placed in service even though 
post mortem observation of the used tool would lead one to believe that undue 
wear was the actual cause of failure. 

We sincerely trust that this contribution by the authors may be the direct 
means of encouraging other investigators to make more frequent use of this 
highly useful method of predicting performance properties of high speed steel 
cutting tools. It is indeed unfortunate that fuller advantage is not taken of the 
transverse bend test in evaluating tool performance because ample evidence 
discloses that for any type analysis of high speed steel there is an optimum 
strength which combined with hardness fits the alloy for a particular operation. 
Studies have proved that the carbon content is the most important variabie to 
consider and its effect far outweighs that of any other element as measured by 
this test. We feel confident in stating that, as more work is published along 
the avenues approached by the authors, a change from one type analysis to an- 
other can be more freely made once the effect of carbon on transverse bend 
strength is fully recognized. 
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There is a healthy tendency in recent years to discuss type analyses in terms 
of edge strength rather than “toughness”. We must compliment the authors 
from this standpoint in that the ambiguous term “toughness” is almost absent 
from the paper. This term, it seems to us, could be dispensed with when dealing 
with the mechanical properties of high speed steel because it has been generally 
so loosely employed in the past that it has lost any fundamental meaning perhaps 
ever intended to be conveyed. We suggest for future research that more atten- 
tion be directed to the so-called “interrupted quench”, a method that has saved 
many a tool from breakage during the heat treating cycle. We refer primarily 
to the well-known practice of oil quenching complicated and massive shapes that 
are either square or rectangular in cross section. Here, where contraction and 
expansion can take place in different parts of the same tool as it cools below 
900 degrees Fahr. (480 degrees Cent.), it is customary to withdraw the tool from 
the oil bath when the edges have blackened. From that point on, hardening is 
allowed to proceed under relatively mild conditions of cooling in air until the 
entire cross section of the tool reaches the vicinity of room temperature. Rather 
oddly, peripheral and symmetrical tools even of massive sections do not require 
this degree of interrupted cooling and, in many cases, large twist drills and taps 
may be quenched in oil “all the way down’. There appears to be a certain 
aging effect not always recognized in this mild cooling period following removal 
from the oil bath, the nature of which could be studied to advantage. To state the 
problem somewhat differently, the edge strength of the completely heat treated 
tool appears to be influenced not solely by its actual temperature attained prior 
to tempering but rather by the mode of cooling employed to “bring it down” from 
the superheat. For example, a series of specimens taken from the oil quenching 
bath at approximately 1000 degrees Fahr. (540 degrees/Cent.) and then cooled 
if still air to 150 degrees Fahr. (65 degrees Cent.) prior to tempering will show 
superior edge strength when tested against a series cooled directly in oil to 150 
degrees Fahr. (65 degrees Cent.) before tempering. We believe that additional 
studies by the authers may serve to clarify numerous difficulties the causes of 
which are probably related to this interesting but neglected phase. 

Written Discussion: By K. J. Trigger, assistant professor of mechanical 
engineering, University of Illinois, Urbana, Ill. 

When asked to discuss this paper, the writer anticipated a manuscript packed 
with absorbing data, and indeed, such is the case. It is gratifying to know that 
multiple tempering is such an effective panacea for quenching ills. The authors 
are to be congratulated on their splendid paper. 

A point for discussion is brought up on page 434 of this paper in the follow- 
ing statement made with reference to hot quenching at 1050 degrees Fahr. (565 
degrees Cent.) : “Yet, if the steel is quenched to 1050 degrees Fahr. (565 de- 
grees Cent.) in the first place and held there for 2.5 hours, about 23 per cent of 
austenite remains after cooling to room temperature.” This is essentially the 
same amount of austenite that is retained on an oil quench to room temperature, 
80 degrees Fahr. (25 degrees Cent.). 

Investigations * * have shown that hot quenching in the vicinity of 1000 de- 


5Gordon, Cohen, and Rose, “The Kinetics of Austenite Decomposition in High Speed 
Steel,” TRANSACTIONS, American Society for Metals, Vol. 31, 1943, p. 161-197. 

6Discussion by K. J. Trigger on ‘‘The Kinetics of Austenite Decomposition in High 
Speed Steel’’ Transactions, American Society for Metals, Vol. 31, 1943, p. 198-200. 
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grees Fahr. (540 degrees Cent.) for periods of from 1 hour to 24 hours causes a 
“split” transformation on subsequent (slow) cooling to room temperature. After 
hot quenching at 1050 degrees Fahr. (565 degrees Cent.) for 24 hours, the subse- 
quent room temperature structural composition has been indicated® as consisting 
of 38 per cent martensite, 38 per cent bainite, and 18 per cent retained austenite 
in addition to the undissolved carbides. According to the same paper, oil quench- 
ing to 80 degrees Fahr. (25 degrees Cent.) results in 71 per cent martensite, 23 
per cent retained austenite, in addition to the undissolved carbides. (Considering 
the difference in holding time in the hot quench, the amount of retained austenite 
essentially agrees with that presented in the paper under discussion.) 

In working with a steel of practically the same chemistry as that used by 
the authors, the writer using an austenitizing temperature of 2250 degrees Fahr. 
(1230 degrees Cent.), and a hot quench at 1025 degrees Fahr. (550 degrees Cent.) 
has always found that the “as-quenched” hardness is higher for hot quenching 
than that obtained if oil quenching is used. Typical values are 64.3 R. for oil 
quenching compared to 65.2 R. for a 2-hour hot quench, and 66.1 for a 24-hour 
hot quench, all cooled to 80 degrees Fahr. (25 degrees Cent.) prior to testing. 

The secondary hardening capacity is considerably greater in the oil-quenched 
steels than in those hot-quenched for 24 hours as shown in the following 
tabulation : 


Quench Hardness Rockwell C 
(all cooled to 80 degrees Fahr. As After Double Temper at Increase due 
prior to testing) Quenched 1030°F.—2-hr total time to Tempering 
Oil at 80° F. (25° C.) 64.3 66.4 2.1 
fsead at 1025° F. (550° C.) for 2 hr. 65.2 66.7 1.5 
Lead at 1025° F. (550° C.) for 24 hr. 66.1 66.8 0.7 


Considering the hardness “as quenched” in the light of the structural com- 
position previously reported, it seems anomalous that the presence of 38 per cent 
untempered martensite, 38 per cent bainite, and 18 per cent retained austenite 
should be harder than 71 per cent untempered martensite and 23 per cent retained 
austenite unless it is that martensite and bainite, as herein referred to, are of 
essentially equal hardness. 

The increase in hardness on tempering is due principally to carbide precipi- 
tation and transformation of retained austenite. If the amount of retained 
austenite is nearly the same for both oil-quenched and 24-hour hot-quenched 
steels, why is it that the oil-quenched samples show three times as much increase 
due to tempering? 

If we examine Fig. 1, of this paper, it is noticed that the 7 per cent un- 
dissolved carbides have displaced the calibration curve from the origin (0 inten- 
sity of magnetization). Might there not be precipitation of non-ferromagnetic 
carbides from the austenite while holding at a 1000 degrees Fahr. (540 degrees 
Cent.) quench which would add to those already present? Would not such pre- 
cipitation have the effect of further displacing the calibration curve frora the 
origin? Under this condition, any given intensity of magnetization would in- 
dicate more austenite than was actually present. The indicated difference may 
be relatively negligible from the standpoint of the amount of retained austenite, 
but the effect of the precipitated carbides would be much more pronounced as 
far as the hardness is concerned. 

Table VI contains some very interesting results. 
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The writer in evaluating the effect of single versus double tempering of oil 
quenched test beams has found a similar improvement for double tempering, 
Briefly, the test conditions were as follows: 


Steel: C, 0.82; Mn, 0.30; a 0.33; Cr. 4.01; W, 5.65; Mo, 4.99; V, 1.56. 
Austenitizing Temperature: 230 + 5 degrees Fahr. (1220 degrees Cent.) Carbonaceous 


Ouanel: ‘Oil at 80 degrees Fahr. (25 degrees Cent.). 
Single Temper: 1025 degrees Fahr. (550 degrees Cent.) 2 hours, furnace cool. 
Double Temper: 1025 degrées Fahr. (550 degrees Cent.) ; hour—air cool. 

1025 degrees Fahr. (550 degrees Cent.) 1 hour—furnace cool. 


The test beams, approximately 0.375 inch square, were supported on 4-inch 
centers and loaded at the quarter points in such a manner that the middle 2 inches 
were subjected to a constant bending moment. The rate of loading was from 
600 to 700 pounds per minute until (and if) failure occurred. Since the absolute 


capacity of the testing machine was 12,800 pounds, two of the test specimens 
were not broken. 


The average results were as follows: 


Tempering Modulus of Improvement over Hardness 

Treatment Rupture, p.s.i Single Tempering, Per Cent Re 
I ie arr nw i 454,000 65.5 
SE wbtendaacidvitenione > 538,000 > 18.5 


The differences between these values and those reported by the authors are 
not great and may be due to beam geometry, loading conditions, and slight 
differences in temperatures and times. Included are photographs of two tested 
beams along with appurtenant data. (Figs. A and B.) 

The improvement is of the same order as that reported by the authors, and the 
conclusion is the same; i.e., a definite but moderate improvement. 

While on the subject of transverse strength as influenced by heat treatment 
the writer presents the following summary of the effect of hot quenching time. 
Test beams were hot-quenched for various times and double tempered at 1025 
degrees Fahr. (550 degrees Cent.). The mechanical conditions—i.e., beam 
geometry and loading—were as just related for the oil-quenched series. The data 
presented represent average values, believed conservative, of four tests under 
each condition. 


Quenching Modulus of Per cent of Hardness 

Treatment Rupture, p.s.i “Standard” Re 
CO ee EAD. bd ect eis. > 538,000 100.0 65.7 
Hot-Quenched at | 0 min. _.__._.. 455,000 < 84.5 66.3 
1025°F (550°C) Be SS emer 432,000 < 80.2 66.4 
for 2 min. and fy eee 434,000 < 80.6 66.5 
held as shown. j Se MG cbitinacoits 436,000 < 81.0 66.4 


It is noted that hot quenching time, within the range investigated, has 
negligible effect upon the transverse strength and any than hot quenching pro- 
cedure results in lower strength than obtains in oil quenching. The strength ob- 
tained by hot quenching is, however, very respectable and no serious weakening 
should be encountered. It is also noted that any of the hot quenching procedures 
investigated results in a higher tempered hardness than is obtained by oil 
quenching. 

To evaluate more completely the advantage, if any, in hot quenching, the 
writer has been conducting a series of lathe cutting tests using oil-quenched tool 
bits and 2-hour hot-quenched [1025 degrees Fahr. (550 degrees Cent.) ] bits. 
The test conditions are as follows: 
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METAL CUT: NE 9445 annealed. 

Tensile strength, 105,000 p.s.i.; Yield Point, 58,000 p.s.i.; Elongation, 17 per cent in 
2 in.; Reduction in area, 26 per cent; Brinell hardness, 204. 

Cut: Dry, roughing. Depth % inch. Feed 1/66 inch rev. ; 

Tool: Mo-W HSS: Nose radius 1/16 inch; side cutting edge angle, 0 deg.; end cutting 
edge angle, 6 deg.; side rake, 14 deg.; back rake, 8 deg.; relief, 6 deg. 


The results of tool life vs. cutting speed tests when plotted on log-log co- 
ordinates give the following summary: 


Quench Equation of V for tool life Per cent (based 
V vs. T Line of 60 min. on Veo 
SR eho pte te VT-%—122 63.8 100 
2-hr. hot-quench..... VT-#2—129.5 66.7 104.5 


A previous series of tests on 0.35 C steel of 159 BHN revealed prac- 
tically an identical improvement. A similar series of tests using shorter hot 
quenching times is in progress, and the indications are that the 30-minute hot 
quench is practically as effective as the 2-hour hot quench. 

Based on the transverse strength and cutting tests the writer is of the opinion 
that hot quenching in the vicinity of 1000 degrees Fahr. (540 degrees Cent.) is 





Fig. A—Specimen No. 1 of Oil Quench Double Temper Series. Extreme Fiber 
Stress—542,500 Pounds Per Square Inch. Yielding Began at Approximately 400,000 
Pounds Per Square Inch. Hardness—Rockwell C—65.9. Maximum Deflection Under 
Load 0.23 Inch. Permanent Set—,; Inch. x 0.87. 





Fig. B—Specimen No. 2 of Oil Quench Double Temper Series. Extreme Fiber 
Stress—533,500 Pounds Per Square Inch. Yielding Began at Approximately 400,000 
Pounds Per Square Inch. Hardness—Rockwell C—65.6. Note Fragmentation of Con- 
stant Bending Moment Section. 0.87. 
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definitely advantageous. The optimum hot quenching time is still to be de- 
termined, but the indications are that 30 minutes will be adequate. 

Written Discussion: By R. F. Harvey, Brown and Sharpe Manufacturing 
Co., Providence, R. I. 

The results of tests conducted by the authors show that when the harden- 
ing of high speed steel is arrested above room temperature large amounts of 
austenite are transferred to the tempering furnace. It has been further demon- 
strated that repeated tempering is more effective than single tempering when 
considerably more than the normal quantity of austenite is present. 

This information constitutes a valuable contribution to the knowledge that 
exists on the tempering of high speed steel. However, the authors’ references 
to arrested quenching temperatures of 225 degrees Fahr. (105 degrees Cent.) 
and above is somewhat misleading as it is standard commercial practice to cool 
all high speed steel tools to at least below 130 degrees Fahr. (55 degrees Cent.) 
where they can readily be handled without gloves. 

Several years ago the writer conducted a rather extensive investigation on 
the structural characteristics of high speed steel rapidly heated for hardening by 
high frequency induction methods. It was found that the resulting structures 
were characterized by (a) small grain size, (b) substantially complete carbide 
solution, (c) abnormally large quantities of retained austenite. It was also 
found that repeated tempering was necessary to accomplish complete decom- 
position of the large amount of retained austenite present in these structures. 
It would appear that the practical application of repeated tempering of highly 
austenitic structures will be more important as induction methods are applied 
to the hardening of high speed steels. 

Regarding the theory advanced by the authors to explain the marked dif- 
ference between repeated and single tempering of highly austenitic structures, I 
would like to ask whether the presence of primary and tempered martensite are 
equal in their effect in providing nuclei for carbide precipitation? 

Written Discussion: By W. E. Bancroft, chief metallurgist Pratt & 
Whitney Div., Niles-Bement-Pond Co., W. Hartford, Conn. 

This paper certainly constitutes another of the very valuable contributions to 
the literature on the behavior of high speed steel, which we have come to expect 
of Dr. Cohen and his associates at about this time each year. To my mind it 
adequately clarifies the situation concerning the behavior of high speed steel 
during and after arrested quenching. I have nothing but praise to express for 
the excellence of the procedure, and the presentation of the experimental results. 

However, I think the principles developed here should be applied with some 
caution and due consideration as to the absolute necessity of arresting the 
quench at elevated temperatures and then tempering direct. I know that this 
practice has been advocated by some for many years and undoubtedly has some 
merit, especially, perhaps, as compared with quenching large and intricately 
designed tools right down to room temperature in cold oil. My own personal 
experience to date seems to indicate that quenching into a molten bath at between 
1000 and 1200 degrees Fahr. (540 and 650 degrees Cent.) and then cooling to 
room temperature in air (not in oil) before tempering results in very little crack- 
ing which could conceivably be attributed to the thermal stresses developed in 
cooling down. 
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Therefore, while it might seem at first glance that the practice of quenching 
at elevated temperatures followed by triple drawing would be an easy way of 
handling all, even slightly hazardous, tools, I think the difference in strength 
should be carefully considered. As the authors themselves have pointed out, 
Table VI clearly shows that quenching to 80 degrees Fahr. (26.7 degrees Cent.) 
followed by double tempering gives superior strength to the best that can be 
obtained after quenching at 225 degrees Fahr. (105 degrees Cent.), and it is 
certainly preferable from an economic and practical viewpoint to complete the 
tempering in two draws rather than three. 

I do not mean by the above to minimize in the slightest degree the im- 
portance of the present report. It definitely furnishes a much needed set of 
rules to be used in the event that quenching should be arrested above room tem- 
perature, but I believe this practice should be confined only to extreme cases 
where some sacrifice in final strength is clearly justified. 

Written Discussion: By A. H. d’Arcambal, vice-president, Pratt & 
Whitney Div., Niles-Bement-Pond Co., W. Hartford, Conn. 

It might be a good idea for Dr. Cohen and myself to visit a few chapters to- 
gether this winter, discussing high speed steel at these meetings. Due to respect 
for old age, I undoubtedly would be called on to give the first paper, stressing as 
I have for many, many years the fact that hardened high speed steel should not 
be drawn until the same has reached room temperature. Dr. Cohen could then 
submit a prescription for tools that were drawn before reaching room tempera- 
ture as undoubtedly some of our friends in the audience would not agree with 
my recommendations. 

It has been our experience as a result of hardening many thousands of high 
speed steel tools daily that if a good quality high speed steel is employed and 
the proper hardening technique followed, such as the correct time and tempera- 
ture at high heat, etc., high speed steel tools may be cooled to room temperature 
without any danger of cracking even in the case of complicated designs. In the 
case of large masses it is advisable to hot quench and then cool to room tempera- 
ture before the drawing treatment. 

Dr. Cohen has definitely shown in his interesting paper the detrimental 
effects of drawing before the tools reach room temperature, which can be over- 
come to some extent by multiple drawing. Considering, however, that one does 
not obtain the same strength even with three high draws on tools that have been 
drawn before reaching room temperature, as compared with tools that have been 
cooled to room temperature and given a double high draw it would seem as though 
the better practice would be to cool to room temperature before drawing. It has 
been definitely proven that tools drawn before reaching room temperature are 
very susceptible to grinding cracks and of course do not have the strength of 
tools properly hardened. In my opinion it is more hazardous to draw high 
speed steel tools before reaching room temperature than to allow tools to cool 
to room temperature before drawing. 


Authors’ Reply 


The authors appreciate the many constructive comments and criticisms 
offered by the discussers. They particularly wish to thank Prof. Trigger for the 
valuable supplementary data he has presented. 
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Mr. Lement’s questions are quite pertinent. The reason for the stabilizing 
effect of single tempering after arrested quenching has not yet been established. 
The answer is undoubtedly related to the question of why austenite transforms 
into martensite at all when cooled below the M-point. Although this process is 
not well understood, it is not unlikely that once the martensite formation is 
underway, the stress conditions set up by the transformation have an important 
accelerating effect on the transformation of each subsequent increment of austen- 
ite. If the austenite decomposition is interrupted and the steel reheated to some 
elevated temperature (for example, quenching to 225 degrees Fahr. and single 
tempering at 750 degrees Fahr.), the stresses present will be considerably allevi- 
ated. Upon subsequent cooling, with the stimulating effect of the stresses: re- 
moved, the austenite in part or in toto may be sufficiently stable to resist decom- 
position all the way to room temperature. The nature of this stabilizing action 
is probably very much the same as that observed by two of the authors in their 
previous work on the transformation of austenite at subatmospheric temperature,’ 
to which Mr. Lement has referred. 

The stress relief theory also offers a possible explanation for the decreasing 
potency of the stabilizing action as the amount of austenite brought into the 
tempering treatment is increased. It is reasonable to suppose that the least stable 
portion of the austenite (that is, the austenite which decomposes earliest on cool- 
ing) requires little or no added impulse to undergo transformation other than 
the mere cooling below its transformation temperature. On the other hand, the 
most stable portions of the austenite (the last increments to transform during 
cooling) may be supposed to require for decomposition not only the persuasion 
of continued cooling, but the added stimulus of the stresses originating from the 
previous martensite formation. The requisite contribution of stresses to the 
continuation of austenite decomposition during cooling would, therefore, become 
larger as the amount of austenite left to transform becomes smaller. If this 
hypothesis is accepted, it is then not difficult to see that when the cooling is 
arrested very soon after the onset of the austenite-martensite transformation, 
relief of the incurred transformational stresses by reheating to, say, 750 degrees 
Fahr. (400 degrees Cent.) will have little influence on the resumption of decom- 
position during subsequent cooling. In other words, when the quantity of austen- 
ite brought into the tempering treatment is very large, the stabilizing effect is 
relatively small. On the other hand, as the arresting temperature is lowered, the 
quantity of austenite brought into the tempering treatment becomes smaller and 
the dependence of this austenite for decomposition upon the influence of trans- 
formational stresses becomes greater. Hence, when these stresses are relieved 
by tempering, the austenite is able to resist decomposition during subsequent 
cooling far below the temperatures at which it would originally have transformed, 
and in many cases is retained all the way to room temperature. Pursuing this 
picture further, if the steel is quenched directly to room temperature during 
hardening, the 20 to 25 per cent of retained austenite is so greatly dependent 
for additional decomposition upon the accelerating effect of the transformational 
stresses that even room temperature aging will accomplish sufficient stress relief 


aan Gordon and M. Cohen, “The Transformation of Retained Austenite in High Speed 
Steel at Subatmospheric Temperatures,’”’ Transactions, American Society for Metals, Vol. 
30, 1942, p. 569-591, 
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to lower the transformation point 50 to 100 degrees Fahr. below room tempera- 
ture.’ If, on the other hand, the hardening quench is arrested above or just 
below the M-point and the steel reheated to 1050 degrees Fahr. (565 degrees 
Cent.) for several hours, the formation of martensite during subsequent cooling 
indicates that practically no stabilization has occurred, as should be the case 
according to the above reasoning. 

Mr. Lement has asked whether bainite forms during single tempering in the 
range of 450 to 750 degrees Fahr. (230 to 400 degrees Cent.) after quenching to, 
say, 225 degrees Fahr. (105 degrees Cent.). It may be said definitely that such 
bainite formation does not take place to any measurable extent. This is proven 
by the fact that the amount of austenite retained at room temperature after arrest- 
ing the quench at 225 degrees Fahr. (105 degrees Cent.) and single tempering 
for 2.5 hours in the range 450 to 750 degrees Fahr. (230 to 400 degrees Cent.) is 
virtually the same as the quantity of austenite existing at 225 degrees Fahr. (105 
degrees Cent.) during the hardening quench. The transformation curves for 
6-6-2 high speed steel* indicate that isothermal bainite formation in the range 
500 to 650 degrees Fahr. (260 to 345 degrees Cent.) will begin in approximately 
9 minutes if the steel is quenched from the hardening temperature directly into 
this range. This fact, however, applies specifically to the situation in which 100 
per cent austenite is originally present at the transformation temperature. In the 
case where the steel has first been quenched to 225 degrees Fahr. (105 degrees 
Cent.) and then reheated to 450 to 750 degrees Fahr. (230 to 400 degrees Cent.), 
only about 55 per cent of austenite is then available for transformation, and an 
entirely different set of transformation curves is needed to predict the time for 
the beginning of bainite formation. 

Mr. Lement’s last two questions can be answered by some data which the 
authors have obtained since the writing of this paper. Two series of experiments 
were carried out with 6-5-1.5 high speed steel. In the first, in order to determine 
the maximum amount of retained austenite which can be virtually completely 
transformed by a single temper of 2.5 hours at 1050 degrees Fahr. (570 degrees 
Cent.), several specimens were quenched from 2225 to 225 degrees Fahr. (1220 
to 105 degrees Cent.), reheated to 750 degrees Fahr. (400 degrees Cent.) for 2.5 
hours and cooled to room temperature. Each specimen, containing now about 
55 per cent of retained austenite, was next given various short tempering treat- 
ments in order to bring their austenite contents to the values listed in column a 
of Table A. All the specimens were then given a single temper of 2.5 hours at 
1050 degrees Fahr. (565 degrees Cent.) and their final austenite contents meas- 
ured, as listed in column b of Table A. It may be seen from the data in Table A 
that virtually complete transformation after 2.5 hours at 1050 degrees Fahr. (565 
degrees Cent.) is only obtained if the amount of retained austenite is not much 
over 25 per cent. The term “virtually complete transformation” is defined by 
the authors to mean not more than about 2 per cent of retained austenite. 

The second series of experiments was carried out to determine whether the 
above figure of 25 per cent austenite would hold independently of the treatment 
used to bring the steel to that condition. Accordingly, several specimens were 
given the various treatments listed in column a of Table B resulting in the re- 


SP. Gordon, M. Cohen and R. S. Rose, “The Kinetics of Austenite Decomposition in 
High Speed Steel,”” Transactions, American Society for Metals, Vol. 31, 1943, p. 161-217. 
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Table A 


Quantity of Retained Austenite Transformed by 2.5 Hour Single Temper 
at 1050 Degrees Fahr. 


Per Cent Austenite Per Cent Austenite 
Specimen Before 2.5 Hour After 2.5 Hour Single 
No. Single Temper at 1050° F Temper at 1050° F. 

(a) (b) 
1 58 12 
2 49 G 
3 43 7 
4 33 5 
5 29 3 
6 25 1 


tained austenite contents indicated in column b. By appropriate short tempering 
treatments at 1050 degrees Fahr. (565 degrees Cent.), the austenite contents of 
the specimens were then reduced to approximately 25 per cent as indicated in 
column d. Finally all secimens were single tempered for 2.5 hours at 1050 
degrees Fahr. (565 degrees Cent.). An examination of the retained austenite 


Table B 
Effect of Prior Treatment on Quantity of Retained Austenite Transformable by 2.5 
Heur Single Temper at 1050 Degrees Fahr. 








Preliminary Per Cent Austen- Structural Retempered Per Cent 
Treatment ite after Constituents to PerCent Austenite after 
Specimen Austenitizing Preliminary after Prelim. Austenite Final 2.5 Hr. 
No. Temp.—2225°F Treatment Treatment asIndicated Temp. 1050°F. 
(a) (b) (c) (d) (e) 
7 Quench to 225°F 10 Austenite 10 4 
Temper 2.5 hrs. Carbides. and 
1050°F. Martensite 
& Quench to 225°F 48 eo 25 1 
Temper 2.5 hrs. 
850°F. 
9 Quench to 225°F 55 o 23 1 
Temper 2.5 hrs. 
650°F. 
10 Quench to 225°F 52 “ 23 1.5 
Temper 2.5 hrs. 
550°F. 
11 Quench to 225°F 54 “ 24.5 1 
Temper 2.5 hrs. 
450°F. 
12 Quench to 275°F 42 = 24 1 
Temper 2.5 hrs 
750°F. 
13 Quench to 325°F 27.5 26 2 
Temper 2.5 hrs 
750°F. 
14 Quench to 350°F 26.5 “ 26.5 2 
Temper 2.5 hrs. 
750°F. 
15 Hot Quench to 43 Austenite 25 5.5 
500°F. for 24 hrs. Carbides, and 
16 Hot Quench to Bainite 
600°F. for 24 hrs. ” 18 2 


contents in column e reveals that the final 1050 degrees Fahr. (565 degrees Cent.) 
temper was sufficient to cause the virtually complete decomposition of the 
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austenite in all specimens except specimen No. 15. This specimen, along with 
No. 16, differed from all the others in that it contained bainite instead of .marten- 
site. No. 16, containing only 18 per cent austenite before the final temper, was 
virtually completely transformed by the 2.5-hour temper at 1050 degrees Fahr. 
(565 degrees Cent.). A study of Table B leads to the following conclusions: A 
2.5-hour single temper at 1050 degrees Fahr. (565 degrees Cent.) will cause the 
decomposition of up to about 25 per cent retained austenite in this high speed 
steel, regardless of how the steel is treated to obtain that quantity of retained 
austenite.” One exception to this statement, however, is the case when the 
austenite has been retained after isothermal bainite formation during hot quench- 
ing. Then the limit of residual austenite which will decompose completely after 
a 2.5-hour single temper at 1050 degrees Fahr. (565 degrees Cent.) is about 18 
per cent instead of 25 per cent. 

In reply to Dr. Zmeskal, it may be said that substantially complete trans- 
formation of the retained austenite in high speed steel is a general objective. In 
addition to the reason Dr. Zmeskal cited himself—that the peak in hot hardness 
corresponds to the condition of complete austenite transformation—it is a fact 
that retained austenite is generally co-existent at room temperature with some 
untempered martensite, unless intermediate drawing temperatures in the vicinity 
of 700 degrees Fahr. (370 degrees Cent.) have been used. The presence of un- 
tempered martensite and the concomitant unrelieved transformational stresses 
would be expected to have a deleterious effect on the mechanical properties of the 
“steel. Furthermore, in the case of tools for which dimensional stability is of 
prime importance, the presence of untransformed austenite would be obviously 
undesirable because of the possibility of volume changes due to decomposition 
during use. 

The authors have no data showing the effect on the transverse strength of 
high speed steels of completing the austenite transformation at temperatures 
other than 1050 degrees Fahr. (565 degrees Cent.). 

Mr. Weldon’s comments are most interesting. He has suggested that the 
rate of quenching be considered a variable as well as the temperature to which 
the steel is quenched. It is important to note that the mechanical properties of 
actual tools are influenced by the rate of cooling during the quench, even though 
it is hardly likely that the rate of cooling has much effect on the transformations 
studied here. 

The authors agree with Mr. Weldon that the transverse bend test is useful 
in the studies of tool steels; that is why transverse bend strengths have been 
reported in this paper. It is not, however, felt that transverse strength alone 
can be directly correlated with tool performance. For example, Professor 
Trigger in his discussion has clearly demonstrated that improved tool life may 
be accompanied by inferior bend strength. 

The authors are willing to grant Professor Trigger that some carbide pre- 
cipitation may take place during a primary quench to 1050 degrees Fahr. (565 
degrees Cent.), and the text has been changed accordingly. We have, however, 
found no dilatometric evidence of such precipitation, and our hardness measure- 
ments have not shown the difference between oil-quenched and hot-quenched 
samples indicated by Professor Trigger’s data. 


*That is, in 6-5-1.5 high speed steel austenitized at 2225 degrees Fahr. 
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From the hardness values given in his first table, Professor Trigger draws 
the conclusion that oil-quenched samples show three times as much secondary 
hardening as do hot-quenched samples, and implies that this signifies appreciably 
more retained austenite in the oil-quenched samples. This conclusion needs 
some, modification. Professor Trigger has subtracted the as-quenched hardness 
values from the peak secondary hardness values and has called the result the 
increase in hardness due to tempering. Since, however, the hardened samples 
undergo considerable softening during tempering prior to the onset of secondary 
hardening, the true increase in hardness due to tempering must be derived by 
comparing the minimum hardness during tempering with the secondary hardness 
peak. If this is done, the increase in hardness due to tempering will undoubtedly 
be found to be nearly the same for oil-quenched and 1025 degrees Fahr. (550 
degrees Cent.) hot-quenched samples. At the least, the ratio of 3 to 1 indicated 
by Professor Trigger will be reduced quite considerably. 

Professor Trigger has suggested that the precipitation of non-ferromagnetic 
carbides during a 1000 degrees Fahr. (540 degrees Cent.) hot quench might 
affect the calibration curve given in Fig. 1 of the paper. The authors have found, 
however, that up to values of at least 50 to 60 per cent of austenite very large 
changes in the quantity of excess carbide present in the steel have no measurable 
effect upon the calibration curve. For example, the per cent of austenite in 
several specimens was determined dilatometrically. The per cent of excess 
carbide in those specimens varied widely, the lowest containing 6 per cent, and the 
highest 10 per cent, of free carbides. Yet, the measured magnetization of the 
specimens, when plotted against the dilatometrically determined austenite con- 
tents, were found to lie on the calibration curve given in Fig. 1. 

It is hoped that Professor Trigger will continue his excellent work on the 
performance testing of actual tools, and that he will extend this work to include 
tests during interrupted, as well as continuous, cutting. The authors anticipate 
that the relationship between transverse strength and tool life will be materially 
affected by the amount of shock involved in the cutting tests. 

We are very glad to learn of Mr. Harvey’s experiments with the induction 
hardening of high speed steel, and trust that he will be able to publish the details 
soon. It is most interesting, from both scientific and practical points of view, 
that multiple tempering is effective in decomposing the large quantities of re- 
tained austenite resulting from induction hardening. The same principles apply 
as in the case of high austenite contents associated with arrested cooling. 

Mr. Harvey feels that reference to arrested quenching temperatures of 225 
degrees Fahr. (105 degrees Cent.) and above is misleading. That temperatures 
in this range are frequently used is indicated by the recommended quenching 
practice for high speed steels given on pages 1000 to 1006 of the 1939 Metals 
Handbook. The following is quoted from the section on tungsten high speed steels, 
page 1001, “...The tool may be quenched in oil and removed from the bath while 
still red or at approximately 1100 degrees Fahr. (595 degrees Cent.). The tool is 
then cooled slowly in air to 200 to 300 degrees Fahr. (95 to 150 degrees Cent.), 
then tempered immediately to avoid cracking.” Furthermore Dr. Zmeskal, in his 
discussion of this paper, has stated that it is a commercial practice to arrest the 
quenching of large high speed rolls at 500 degrees Fahr. (260 degrees Cent.) 
before immediate tempering. 
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Mr. Harvey has asked whether primary and tempered martensite have the 
same effect upon the nucleation of carbide precipitation. This question cannot be 
answered. Whenever hardened high speed steel is tempered at temperatures 
high enough to permit carbide precipitation from the austenite, the martensite 
present will already have been tempered, for the breakdown of the primary 
tetragonal martensite occurs in the range 200 to 500 degrees Fahr. (95 to 260 
degrees Cent.). Consequently, the nucleating effect of primary martensite on the 
carbide precipitation cannot be determined. 

Both Mr. Bancroft and Mr. d’Arcambal seem to feel that the authors have 
implied a recommendation for arrested quenching. It should be emphasized 
that, quite to the contrary, the purpose of the present paper was to point out the 
disadvantages of arrested quenching, but at the same time, to indicate the cor- 
rective measures which could and should be adopted in the cases where arrested 
quenching is considered unavoidable or desirable. To put the matter another 
way, arrested quenching should not be used unless it is necessary, but for some 
types of tools and for some grades of steel, it is necessary if undue distortion and 
hazardous cracking are to be avoided. 





AN OPTIMUM SILICON RANGE IN PLAIN AND 
2.0 PER CENT CHROMIUM CAST IRONS EXPOSED TO 
ELEVATED TEMPERATURES 


By C. O. BurGEss AND R. W. BisHop 


Abstract 


Plain and 2 per cent chromium cast irons in which 
the silicon content was varied between approximately 2.5 
and 7.0 per cent have been subjected to high temperatures 
for extended periods. The carbon contents of the trons 
lie in the range of 2.9 to 3.5 per cent. Cyclic heating 
to a top temperature of 800 degrees Cent. (1470 degrees 
Fahr.) was employed, the irons being at this top temper- 
ature for a total period of approximately 500 hours. It 
was found that both the plain and chromium-bearing trons 
develop optimum resistance to growth and oxidation 
within a relatively narrow silicon range, namely, 3.0 to 
4.5 per cent silicon. It appears that cast irons within 
this range exhibit maximum resistance to the combined 
effects of external and internal oxidation. 


HE present study was undertaken to determine the effect of 

silicon content on the heat resistance of both plain and chromium- 
bearing cast irons. This problem of selecting the optimum silicon 
range for cast irons exposed to high temperatures has long engaged 
the attention of foundrymen and has been the subject of several 
investigations. Early tests were run by Rugan and Carpenter (1),* 
and more recently Norbury and Morgan (2) tested irons covering 
a wide silicon range. Some disagreement is evident in this earlier 
work. In the present investigation, results are obtained which indi- 
cate that a relatively narrow silicon range (3.0 to 4.5 per cent 
silicon) exists within which optimum resistance to high temperatures 
can be developed. Existence of such a range has apparently not 
been recognized by previous investigators. 





*The figures appearing in parentheses refer to the bibliography appended to this paper. 





A paper presented before the Twenty-fifth Annual Convention of the So- 
ciety, held in Chicago, October 18 to 22, 1943. The authors, C. O. Burgess and 
R. W. Bishop, are research metallurgists, Union Carbide & Carbon Research 
Laboratories, Inc., Niagara Falls, N. Y. Manuscript received June 21, 1943. 
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Test MATERIALS 


The cast irons selected for this investigation possessed carbon 
contents that might normally be expected on cupola melting. In 
other words, the carbon content was held between about 2.9 and 3.5 
per cent. The silicon range was deliberately limited to 2.5 to 7.0 
per cent in that the purpose of the tests was to determine whether 
an optimum silicon range existed above the maximum 2.5 per cent 
silicon level usually employed by foundrymen and below the silicon 
level that might be expected to produce excessive brittleness or sen- 
sitivity to thermal shock. This maximum is not sharply defined, 
but for the purpose of our tests was assumed to be in the neighbor- 
hood of 6.0 to 7.0 per cent silicon. 

In addition to plain cast irons, a series of 2.0 per cent chromium 
cast irons were included in the tests in view of earlier work (3), (4) 
that had shown that such irons possessed unusual heat resistance. 
It was thought that the presence of a special alloying agent, such 
as chromium, might affect the location of an optimum silicon range. 

All the cast irons were prepared by melting malleable pig iron, 
Armco iron, and silicon metal in high frequency furnaces. Except 
in the case of specimen 2, the silicon metal was added to the initial 
charge to avoid any inoculating effect that might result from a 
late addition. In the 2 per cent chromium irons, the chromium was 
added as high carbon ferrochromium. 

The analyses of the irons are shown in Table I. Turnings for 
analysis were obtained from standard 1.2-inch transverse bars. The 
phosphorus and sulphur contents in all specimens closely approximated 
the values shown for specimen 1 except in the three cases in which 
these constituents were deliberately varied. 

From the above table, it appears that the combined carbon 
content of both plain and 2 per cent chromium cast irons decreases 
with silicon content although some evidence exists (Spec. 3 vs. 
Spec. 2) that even small variations in sulphur may delay pearlite 
breakdown. The combined carbon content of the 2 per cent 
chromium cast irons, which possess a rather uniform total carbon 
content, decreases progressively with increasing silicon content. It 
is significant to observe that increasing the silicon from 2.42 
to 3.33 per cent was sufficient to lower the combined carbon 
content of the 2 per cent chromium cast iron from 2.15 to 0.81 
per cent and to bring it within a readily machinable range. 
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Table I 
Analysis of Test Irons 
‘ cP er Cent 
Specimen Total Combined Man- Chro- 
No. Carbon Carbon Silicon ganese mium Phosphorus Sulphur 
Plain Irons 
1 3.54 0.40 2.51 0.56 pee 0.115 0.043 
2 5.08 0.22 3.32 0.64 iieahe weene icant 
3 3.28 0.31 3.35 Re +e feel" -'ek eek 0.114 
4 3.53 0.06 3.42 0.59 gues Sai cela 
5 3.48 0.05 3.50 0.50 uoaiet ta} 5-< eile 0.131 
6 3.35 0.03 3.50 0.58 ey ee <. -* gia 
7 3.30 0.06 4.31 0.52 iieas” .t. chaee 
8 2.91 0.03 5.92 ee ee Sct ee 
2 Per Cent Chromium Irons 
9 3.16 2.15 2.42 0.54 ns. 1) Seve 
10 3.08 0.81 3.33 0.49 SNS mt a aang 
11 2.96 0.58 4.72 0.55 Ree See. oR eiein 
12 3.06 0.60 5.46 0.60 1.90 
13 2.88 0.29 


6.32 0.62 1.90 


PROCEDURE USED IN OXIDATION AND GRowTH TESTS 


The test specimens employed in the investigational work were 
6-inch long bars-cut from the middle portion of standard 1.2-inch 
diameter arbitration bars cast from the heats listed in Table I. 
The cut ends of the 6-inch bars were machined flat, and small 
stainless steel plugs were inserted into each of the machined faces. 
Such inserts or plugs permitted changes in true over-all length to 
be determined independently of errors normally brought about by 
scale formation. The specimens were placed on stainless steel racks. 
The racks were placed in a large Nichrome-wound furnace, and 
specimens and racks brought to a temperature of 800 degrees Cent. 
(1470 degrees Fahr.). The furnace was provided with openings 
that permitted ready entrance of air, and as a consequence the 
atmosphere was oxidizing. 

In a typical heating cycle the furnace was brought to test 
temperature and the specimens inserted. One hour was allowed for 
the specimens to reach 800 degrees Cent. (1470 degrees Fahr.) and 
they were held at this temperature for 15 hours. The test specimens 
were then removed from the furnace and allowed to cool in still air 
to room temperature. This procedure was repeated 34 times until 
a total exposure time of 500 hours at 800 degrees Cent. (1470 
degrees Fahr.) was attained. To avoid possible variations, all the 
specimens shown in Table I were heated simultaneously. 

The growth bars were measured after each heating cycle with 
a vernier caliper capable of measuring accurately to 0.001 of an inch. 
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RESULTS OF GROWTH TESTs 


Previous work has shown that growth measurements are one 
of the most sensitive gages of the ability of a cast iron to resist 
heat effects. Thus in addition to the practical necessity, from a 
design standpoint, that cast iron members maintain constant or 
relatively constant dimensions, excessive growth also indicates a 
serious amount of internal oxidation and a general deterioration of 
physical properties. 
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Fig. 1—Growth Versus Silicon Content 
After 500 Hours at 800 Degrees Cent. 


Consequently, the over-all growth of the specimens during 
their 500-hour exposure is of primary importance. The results of 
the growth measurements are plotted in Fig. 1. It will be observed 
that growth of the plain irons reaches a minimum in the neighbor- 
hood of 3.5 to 4.5 per cent silicon. Unfortunately, there were not 
sufficient specimens in this critical silicon range to definitely estab- 
lish the upper limit of the low growth range. However, the growth 
is still at a minimum at 4.31 per cent silicon, and rises sharply at 
a 5.92 per cent silicon content. 

In the case of the 2 per cent chromium irons, a much lower 


~ 
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order of growth is encountered. For example, the growth of 2 
per cent chromium iron even with a usual silicon content of 2.42 
per cent is no greater than the minimum shown by a plain iron in 
the optimum silicon range. However, it is again evident that even 
in the 2 per cent chromium irons an optimum silicon range exists. 
The optimum range is similar to that for plain irons but appears to 
be slightly shifted to lower silicon contents, the lower limit being 
transposed closer to 3.0 per cent silicon than the 3.5 per cent ex- 
hibited by plain irons, and from the upward trend of the growth 
curve at 4.72 per cent silicon it appears that the upper limit of 
the optimum range in the case of the 2 per cent chromium irons 
may be closer to 4.0 per cent than the 4.5 per cent silicon estimated 
for the plain irons. The sharp rise in growth at a 5.46 per cent 
silicon level or above in the case of these 2 per cent chromium irons 
indicates that the protection against internal oxidation normally 
offered by the chromium content (4) can be destroyed by the use 
of excessive silicon contents. 

It is significant that the growth of 2 per cent chromium irons 
is actually at a minimum when a sufficient amount of silicon 
(approximately 3.5 per cent) is introduced to lower the combined 
carbon content sufficiently to bring the, irons into a machinable 
range. 


RESULTS OF OXIDATION TESTS 


In any discussion of the oxidation of cast iron, it should be 
recognized that both external oxidation, commonly known as scaling, 
and internal oxidation below the apparent metal surface may take 
place. It is this latter type of oxidation that is mainiy responsible 
for growth (3), (4) and deterioration of physical properties. 

External Oxidation—The formation of oxide constituents on 
the surface of a cast iron that can be removed by sandblasting or 
electrolytic pickling are considered to result from external oxidation. 
Some estimate of the resistance of irons to such external oxidation can 
be obtained from the general appearance of the bars after exposure. 
The typical appearance of plain cast iron growth Specimens 1 and 
4 with silicon contents of 2.51 and 3.42 per cent silicon respectively, 
and 2 per cent chromium cast iron growth Specimens 9 and 10 with 
silicon contents of 2.42 per cent and 3.33 per cent silicon respectively, 
after 500 hours at 800 degrees Cent. is illustrated in Fig. 2. It can 
be noted that in the case of the plain irons the amount of scale 
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decreases with increasing silicon. This influence of silicon cannot 

be so clearly detected in the 2 per cent chromium specimens, as 

the presence of chromium confers considerable protection against 

scaling even on the lower silicon iron. | 
The most positive measure of external oxidation is, however, 





l 4 9 10 ’ 
Fig. 2—Appearance of Typical Growth Bars After 500 Hours’ Exposure at 800 De- 
grees Cent. Specimens 1 and 4 are Plain Irons. (1) 2.51 Per Cent Silicon. (4) 3.42 


Per Cent Silicon. Specimens 9 and 10 are 2 Per Cent Chromium Irons. (9) 2.42 Per 
Cent Silicon. (10) 3.33 Per Cent Silicon. 


the weight loss of the oxidized bars after sandblasting and electro- 

lytic cleaning in 10 per cent ammonium citrate (5). This latter 

cleaning method had to be employed due to the formation of a 

very adherent scale on some of the higher silicon irons. The changes 

in weight in grams per square inch of both the plain and 2 per 

cent chromium irons are plotted against silicon content in Fig. 3. 
| 
4 
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As can be seen from these curves, the external oxidation or scaling 
loss drops sharply with increasing silicon in the case of the plain 
irons, and somewhat more slowly in the case of the chromium-bearing 
irons that have an initially high resistance to oxidation. It is remark- 
able that in both the plain and 2 per cent chromium irons when the 
weight loss finally reaches zero with increasing silicon content, a 
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Fig. 3—Oxidation Loss or Gain Versus Silicon 
Content After 500 Hours at 800 Degrees Cent. 


further silicon increase actually produces a weight gain. As the 
specimens were carefully cleaned of adhering scale, this weight gain 
can be due only to internal oxidation of the specimens. To some 
extent this weight gain due to internal oxidation must balance the 
scaling loss, although it is probably not significant until the scaling 
loss or external oxidation approaches a very small value. Fortunately, 
as will be described in the following section, the extent of internal 
oxidation can be closely estimated by other methods, 
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Internal Oxidation—The internal oxidation of cast iron through 
the formation of a “metal-oxide” constituent beneath the surface of 
the iron has been demonstrated in earlier papers (3), (4). Such 
internal oxidation is always accompanied by growth, and if extensive, 
by deterioration of the mechanical properties. The fact that chro- 
mium acts specifically to inhibit and prevent such “metal-oxide” 
penetration led to the use of the 2 per cent chromium cast iron series 
in the present investigation. 

Internal oxidation can be recognized in at least four ways. First, 
by the phenomenon of progressive growth, second, by structural ; 
alterations observable under the microscope, third, by oxygen deter- | 
minations on successive layers starting at the surface of exposed 
specimens, and fourth, by measurement of the decarburization of the 
specimens. The carbon content of the irons should, of course, vary 
inversely to their oxygen content, the absorbed oxygen or oxides 
undoubtedly eliminating graphite by converting it to CO and CO,. 

Relative growth has already been measured in Fig. 1, and on 
this basis it would be assumed that minimum internal oxidation occurs 
in irons lying in the range of approximately 3.0 to 4.5 per cent 
silicon. To check this observation and to determine the extent and | 
penetration of internal oxidation, three successive layers were ma- | 
chined from the growth bars after sandblasting and electrolytic | 
pickling to remove all adhering scale. The first metallic layer taken 
from the 1.2-inch diameter bars was ;, inch thick; the second layer | 
immediately beneath the first layer was % inch thick. The last mate- 


eee or 


rial for analysis consisted of turnings taken from the complete cross 

section of the remaining core. These respective layers called the 

outer layer, intermediate layer, andthe core were analyzed for oxygen 

by the vacuum fusion method. The core samples were also analyzed 

for carbon. The results of the oxygen analyses are shown in Table I] 

and Fig. 4. The results of the carbon analyses are shown in Fig. 5. 
It is clear from Fig. 4 that the extreme outside g-inch layers 

of all specimens show a high oxygen content. The actual oxygen 

values obtained on these outer ;g-inch layers are not a true measure 

of the resistance of the irons to progressive internal oxidation. This 

is due to the fact that the quantity of oxygen or oxide in the surface | 

layer is still influenced by the scaling process, i.e., scale adherence, 

and the resistance of the irons to complete conversion of the surface 

to a scale that can be mechanically removed. The oxygen contents 

of the intermediate %-inch layer and the core, however, give us a 

direct measure of the ability of a given iron to resist oxygen penetra- 
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tion and internal oxidation. It can be observed from Fig. 4 that the 
plain irons exhibit minimum oxygen values, i.e., maximum resistance 
to internal oxidation, in the range of about 3.35 to 4.31 per cent 
silicon. The amount of oxygen or internal oxidation in these inner 
layers rises sharply at points outside this range; for example, at a 
lower silicon level of 2.51 per cent and at a higher silicon level of 
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Fig. 4—-Oxygen Penetration Versus Silicon Content 
After 500 Hours at 800 Degrees Cent. 
5.92 per cent. In other words, the oxygen determinations confirm 
the growth tests as concerns the existence of a criticai silicon range 
in which the irons possess optimum resistance to deterioration. 

In the case of the 2 per cent chromium cast irons, as found 
previously, (3), (4) the presence of chromium alone is sufficient to 
largely prevent or inhibit oxygen penetration and internal oxidation 
of irons of normal silicon content. It is of interest, however, to 
observe that this ability of chromium-bearing irons to resist internal 
oxidation is not adversely affected by increasing the silicon content 
to 3.33 per cent, and a considerable proportion of the resistance to 
internal oxidation is maintained at a 4.72 per cent silicon level 
although the rise in oxygen content of the intermediate layer of this 
latter specimen indicates that at 4.72 per cent the upper silicon level 
for maximum resistance has been slightly exceeded. 
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In Fig. 5 the total carbon contents of the cores of the growth 
specimens are plotted against their silicon contents. Considering first 
the plain irons, it can be noted that internal oxidation has proceeded 
to such an extent in the 2.51 per cent silicon iron that its total carbon 
is appreciably lowered. In the range of 3.32 to 4.31 per cent 
silicon, however, only a minor loss in carbon content is evident, 
indicating that internal oxidation has not proceeded to a degree 
sufficient to decarburize the core of the irons. However, as the 
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Fig. 5—Decarburization of Interior of Growth Bars 
After 500 Hours at 800 Degrees Cent. 


silicon content of the plain irons is raised to a 5.92 per cent level, 
the core of the growth bar is almost completely decarburized, indicat- 
ing that sufficient oxygen or oxide has penetrated this sample to com- 
bine with practically all the available graphite. 

In the case of the 2 per cent chromium irons, it is clear from 
Fig. 5 that no appreciable drop in total carbon content occurs up to 
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Table Il 





Oxygen Determinations on Successive Layers of Growth Specimens 
Outer Intermediate 
J ty” Layer 4%” Layer Core 
Specimen Per Cent Per Cent Per Cent Per Cent Per Cent 
No. Silicon Chromium Oxygen Oxygen Oxygen 


Plain Irons 


1 2.51 9.15 5.41 4.57 
2 3.32 1.26 0.97 1.22 
3 3.35 1.07 0.54 0.40 
4 3.42 1.44 0.68 0.27 
5 3.50 0.99 0.75 0.48 
6 3.50 1.22 0.58 0.27 
7 4.31 4.30 1.09 0.39 
8 5.92 5.71 2.88 2.38 
2 Per Cent Chromium Irons 
9 2.42 2.04 11.00 0.09 0.07 
10 3.33 1.91 2.51 0.08 0.06 
11 4.72 1.78 5.32 0.42 0.05 
12 5.46 1.90 4.59 3.25 2.04 
13 6.32 3.65 2.97 


1.90 5.82 





| 





a 4.72 per cent silicon level. As the silicon content reaches 5.46 per 
cent however, there is a sharp decrease in carbon content to a 
negligible value. It is, therefore, evident that the chromium-bearing 
irons resemble the plain irons in that beyond a limiting value approxi- 
mating 4.5 per cent silicon, further increase in silicon, for example up 
to 5.46 per cent, permits penetration of oxygen to the core of the 
specimen, and almost complete elimination of carbon results. These 
results check the growth tests and oxygen determinations in that 
they show that internal oxidation becomes a serious factor when a 
critical percentage of silicon is exceeded. 


Microscopic EXAMINATION 


It is reasonable to assume that structural changes would accom- 
pany the above phenomena. Metallographic specimens were, there- 
fore, cut from the growth bars with the scale still adhering and 
mounted with Wood’s metal inside annular rings. The typical ap- 
pearance of such specimens is shown in Fig. 6. As the bars were 
sectioned approximately 34 inch from the ends, in some cases the 
14-inch diameter stainless steel plugs, which extended an equal dis- 
tance from the specimen ends, were intersected and appear in the 
center of the metallographic specimens. They should, of course, be 
disregarded. , 

The structure of the irons at critical silicon levels is shown be- 
fore and after their 500-hour exposure at 800 degrees Cent. (1470 
degrees Fahr.) in Fig. 7 at 100 diameters. It will be noted from the 
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Fig. 6—Typical Sections of Growth Bars Used in Metallographic Examination. 


Specimens 1, 4 


Cent Silicon. (8) 5.92 Per Cent Silicon. 
(9) 2.42 Per Cent Silicon. 


Chromium Irons. 


and 8 are Plain Irons. 


Per Cent Silicon. 


(1) 2.51 Per Cent Silicon. 


(4) 3.42 Per 


Specimens 9, 10 and 13 are 2 Per Cent 


(10) 3.33 Per Cent Silicon. (13) 6.32 
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Fig. 7—Comparison of Structures of Growth Bar Cores Before and After Exposure to 
800 Degrees Cent. X 100. Specimens 1, 4 and 8 are Plain Irons. Specimens 9, 10 and 
13 are 2 Per Cent Chromium Irons. 
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left hand row of photomicrographs in Fig. 7 that increasing silicon 
decreases the quantity of pearlite or combined carbon, and increases 
the graphite size of both the plain and 2 per cent chromium irons as 
cast. Pearlite, for example, is almost completely eliminated in the 
plain irons at a 3.42 per cent silicon level. In the case of the 
chromium-bearing irons the pearlite is not completely eliminated even 
at a 6.32 per cent silicon level, but the amount of massive-cementite 
is reduced to a negligible amount at a 3.33 per cent silicon level and 
practically eliminated at the 6.32 per cent silicon level. It is sig- 
nificant that graphite flakes, although generally increasing in size and 
quantity as silicon reaches values (3.33 and 3.42 per cent silicon) 
within the optimum range in both series of irons, show a further 
very marked increase in size and length when this range is exceeded 
and the silicon reaches high levels (5.92 per cent silicon and 6.32 per 
cent silicon). This is true despite the fact that the combined carbon 
in the plain irons has already reached a minimum value at a lower 
silicon content, and indicates that these very coarse graphite flakes 
may have originally precipitated prior to complete solidification of 
the irons. Such a mechanism would be indicated, as the carbon 
equivalents [per cent T.C.+ 0.3 (per cent Si+ per cent P)] of 
these latter high silicon irons considerably exceed the eutectic value 
of 4.3 per cent. 

In the right hand row of photomicrographs, Fig. 7, the structures 
of the irons after exposure are illustrated. These photomicrographs 
were taken close to the center of the bars, and it can be noted that a 
gray constituent identified as metal-oxide has penetrated into the 
core of the plain iron specimen containing 2.51 per cent silicon. 
This constituent is not evident in either the 3.42 per cent silicon or 
5.92 per cent silicon specimen. However, in the case of the 5.92 per 
cent silicon specimen we know from the oxygen analysis that con- 
siderable internal oxidation has taken place and the apparent graphite 
flakes in the groundmass actually consist of oxide products or voids, 
as the core analyzes only 0.05 per cent carbon. The 2 per cent 
chromium cast irons after exposure show some graphitization at the 
2.42 per cent silicon level, and irons with 2.42 and 3.33 per cent 
silicon show spheroidization of pearlite with little or no change in 
any primary cementite that may be present. At the 6.32 per cent 
silicon level, however, pearlite is completely eliminated even in the 
presence of 2 per cent chromium, and the site of the original graphite 
flakes shows a widening and roughening that clearly indicate that 
internal oxidation has taken place. This is confirmed by the fact 
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Fig. 8—Structure at Outer Rim of Growth Bars of Critical Silicon Content After 
Exposure at 800 Degrees Cent. <X 100. Specimens 1, 4 and 8 are Plain Irons. (1) 
2.51 Per Cent Silicon. (4) 3.42 Per Cent Silicon. (8) 5.92 Per Cent Silicon. Speci- 
mens 9, 10 and 13 are 2 Per Cent Chromium Irons. (9) 2.42 Per Cent Silicon. (10) 
3.33 Per Cent Silicon. (13) 6.32 Per Cent Silicon. 
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that the total carbon content of the core of this specimen has dropped 
to 0.07 per cent. 

The structures of these same specimens at the extreme surface 
adjacent to the scale give a clearer picture of the internal oxidation. 
Edge structures are shown at 100 diameters in Fig. 8 for plain and 
chromium irons of critical silicon content. It is evident in the case 
of the plain irons, that at a 2.51 per cent silicon level internal oxida- 
tion has proceeded to a point at which the original metal-oxide 
constituent has been replaced by oxide; at the 3.42 per cent silicon 
level penetration is confined to formation of a metal-oxide constituent 





Fig. 9—Replacement of Graphite Flakes with Oxide at High Silicon Levels. 500. 
Left—Specimen 8, Plain Iron, 5.92 Per Cent Silicon. Right—Specimen 13, 2 Per 
Cent Chromium Iron, 6.32 Per Cent Silicon. 


layer too narrow to be readily detected; and at the 5.92 per cent 
silicon level the groundmass is relatively unattacked, but the graphite 
flakes have been replaced by oxide products. In some areas of this 
latter specimen, these oxide flakes have united so as to convert a 
whole area to oxide. In the case of the 2 per cent chromium irons 
the metal-oxide constituent is thinly scattered and confined to a 
narrow surface layer at a 2.42 per cent silicon level; at 3.33 per cent 
silicon, the depth of penetration is so narrow as to not be readily 
detected at this magnification, and at the 6.32 per cent silicon level 
the original graphite flakes are again replaced by oxide products and 
a thickening is evident. No intermediate metal-oxide formation 
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before conversion to oxide is evident in this high silicon iron. That 
the flakes in the 5.92 per cent silicon plain iron and the 6.32 per cent 
silicon-2 per cent chromium iron actually consist of oxide products 
is illustrated by the photomicrographs in Fig. 9, taken at 500 
diameters. 


RESULTS OF TENSILE TESTS 


To determine the effect on the tensile strength of the prolonged 
exposure at 800 degrees Cent. (1470 degrees Fahr.) of the plain 
and 2 per cent chromium irons, standard A.S.T.M. tensile specimens 
were turned from the growth bars and their strength compared with 
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Fig. 10—Per Cent Change in Tensile Strength 
Versus Silicon Content After 500 Hours at 800 
Degrees Cent. 


the original strength exhibited by these irons in the as-cast condition. 
The per cent loss or gain in strength of the irons is plotted against 
their silicon content in Fig. 10, and the actual tensile values are shown 
in Fig. 11. The plain cast irons show a decided drop in strength at 
silicon levels below the optimum 3.3 to 4.3 per cent silicon range. 
Within this silicon range the strength remains approximately con- 
stant, and when it is exceeded, as at the 5.92 per cent silicon level, 
the strength again shows a decrease. The 2 per cent chromium irons 
actually show an increase in strength at all silicon levels up to 4.72 
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per cent. This phenomenon, noted in earlier work (3), (4) is 
presumably due to a softening following some graphitization and 
spheroidization of carbides. As the silicon increases to 5.46 per cent 
or above, the strength after exposure falls below the as-cast value. 

Hardness values were determined on all specimens before and 
after exposure. The change in hardness of the irons is illustrated in 
Fig. 12. In the plain irons a decided drop in hardness is evident 
until a 3.5 per cent silicon level is reached. Between 3.5 and 4.3 


Before Exposure RY 


Bs) 
i ot i) ee 


Tensile Strength, 1000 Psi. 





4 5 
Silicon, Per Cent 


Fig. 11—Actual Tensile Strength Versus Sili- 
con Content Before and After Exposure for 500 
Hours at 800 Degrees Cent. 


per cent silicon the hardness before and after treatment remains 
approximately constant. At the 5.92 per cent silicon level the hard- 
ness after exposure is actually higher than the as-cast value due pre- 
sumably to strain set up by internal oxidation of the graphite flakes. 
A somewhat similar condition exists in the case of the 2 per cent 
chromium irons except that the hardness after exposure is below the 
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as-cast value until the silicon reaches 6.32 per cent, where an inversion 
again takes place. 


GENERAL OBSERVATIONS 


The existence of a preferred or optimum critical range (approxi- 
mately 3.0 to 4.5 per cent silicon) has been established by the results 
recorded in this paper. Further increase in silicon above this range 
up to a level of approximately 7.0 per cent has been found to cause 
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Fig. 12—Change in Brinell Hard- 
ness After Exposure at 800 Degrees 
Cent. for 500 Hours. 


increased growth and internal oxidation. To this extent the results 
vary from those reported by previous investigators, notably Norbury 
and Morgan (2), who conducted a systematic investigation on the 
effect of silicon on the growth and scaling of cast irons and found 
a progressive improvement up to at least 6 per cent silicon. It is 
felt, however, that this discrepancy is more apparent than real, and 
rests upon a difference in the type of irons and exposure periods 
selected by these earlier investigators. These apparent discrepancies 
are worth further consideration, however, as they undoubtedly throw 
some light on the oxidation and growth phenomena. 
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First, as concerns oxidation, it has been found, in accordance 
with Norbury and Morgan’s conclusions, that external oxidation or 
scaling decreases progressively as the silicon content is raised. Like- 
wise, metal-oxide constituents that constitute an invariable preliminary 
step in the internal oxidation of lower silicon irons are limited to a 
very narrow surface zone and finally do not appear at all in the 
groundmass of the irons as their silicon content reaches the-optimum 
range or exceeds it. 

Despite this apparent resistance of the metal groundmass to 
oxidation, the present tests show that at least in irons possessing 
relatively coarse graphite flakes, decided internal oxidation takes 
place when the optimum silicon range is exceeded. This internal 
oxidation is evidenced by the eventual elimination of virtually all 
carbon or graphite from irons containing over approximately 5.0 
per cent silicon. Metallographic examination at high magnification 
also confirms the fact that the graphite flakes in these irons have 
been replaced by oxide products. This internal oxidation cannot be 
readily recognized except by chemical analysis, as it is largely con- 
fined to the graphite flakes or the site of former graphite flakes and 
the groundmass immediately adjacent to them. Detection of this 
internal oxidation, using only metallographic examination and maxi- 
mum exposure times of under 75 hours, is rendered particularly diffi- 
cult since weight determinations indicate that during the first 45 to 
75 hours of exposure, graphite alone is being oxidized in these high 
silicon irons, without the formation of any appreciable quantity of 
metal oxides. 

As concerns dimensional changes, progressive measurements 1n- 
dicate that growth is a function of internal oxidation and therefore 
no appreciable growth occurs in the higher silicon irons until after 
they have been exposed to 800 degrees Cent. for periods of 45 to 
75 hours. It appears that growth sets in only after the graphite has 
been largely removed and metal-oxide formation is initiated. 

The fact that the internal oxidation is largely confined to the 
graphite flakes in very high silicon irons further means that the 
severity of such internal oxidation is doubtless a direct function of 
the length of the graphite flakes and their spacing in the groundmass. 
It can be readily appreciated that in low-carbon irons or irons con- 
taining fine, supercooled graphite such as were tested by Norbury 
and Morgan, internal oxidation would be inhibited or materially 
slowed up. Consequently, resistance to external oxidation becomes 
the controlling factor, and the selection by these authors of a silicon 
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range in excess of 4 per cent and up to 10 per cent is justified. In 
fact, these latter authors recognize this importance of graphite flake 
size and limit their conclusions to irons “not having too large graphite 
flakes”. 

Despite the existence of the optimum silicon range outlined in 
this paper, the suitability of higher silicon irons of the Silal type 
(for example, in a 5 to 10 per cent silicon range) for high tempera- 
ture applications is not questioned. Previous observations by Nor- 
bury and Morgan that increasing silicon progressively reduces scaling 
loss was confirmed by the present tests, and the recommended use of 
low total carbon content and a fine graphite distribution undoubtedly 
retards or greatly inhibits the internal oxidation that takes place in 
the higher carbon, coarser flake graphite irons exceeding the optimum 
silicon range. 


CONCLUSIONS 


In drawing conclusions from the foregoing experimental work, 
several limiting factors should be borne in mind. First, the conclu- 
sions are based on irons close to the carbon saturation point, i.e., they 
approximate eutectic or hypereutectic compositions. Second, the 
tests were made at one temperature, namely, 800 degrees Cent., and 
although this temperature was selected as the most suitable for an 
accelerated test, it would be presumptuous to assume that the rela- 
tionship of the irons would remain unaltered using lower or higher 
test temperatures. Bearing these limitations in mind, the following 
conclusions can be drawn from the experimental work. 

1. It has been found that an optimum silicon range exists in 
which both plain and 2 per cent chromium irons exhibit maximum 
resistance to growth, maximum resistance to internal oxidation, and 
maximum resistance to general deterioration of their physical 
properties. 

2. In the case of the irons tested, this optimum silicon range 
lies roughly between 3.5 and 4.5 per cent silicon in the case of plain 
cast irons, and between 3.0 and 4.0 per cent silicon in the case of 2 
per cent chromium irons. 

3. It has been found that if the silicon content exceeds this 
range to any considerable extent, both the plain and 2 per cent chro- 
mium irons become subject to serious internal oxidation. This 
oxidation proceeds along the graphite flakes and is sufficient to reduce 
the carbon contents of these irons to a negligible value. 
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4. The plain irons in the optimum silicon range develop low 
tensile strengths in the as-cast condition of the order of 15,000 to 
20,000 pounds per square inch. Thus, such high silicon, plain irons 
would be normally employed only in sections in which oxidation 
resistance alone is the primary consideration. 

5. The 2 per cent chromium irons maintain a high strength 
in excess of 35,000 pounds per square inch throughout the optimum 
silicon range. The use of high silicon contents in the optimum range 
of 3.0 to 4.0 per cent accomplishes the double purpose of bringing 
these high chromium irons within a machinable range, and of mod- 
erately improving their normally high resistance to deterioration at 
elevated temperatures. These irons possess a desirable combination 
of properties that make them eminently suitable for use in high 
temperature operations. 
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DISCUSSION 


Written Discussion: By C. H. Lorig, metallurgist, Battelle Memorial 
Institute, Columbus, Ohio. 

The paper by Burgess and Bishop on the growth and heat resistance of plain 
and 2 per cent chromium cast iron under cyclic heating at 800 degrees Cent. (1470 
degrees Fahr.) is particularly valuable in view of the growing interest in the 
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use of cast iron for services at elevated temperatures. They have established 
with reasonable certainty the existence, in both types of iron, of a range between 
3.0 per cent and 4.5 per cent silicon at which maximum resistance to growth at 
800 degrees Cent. (1470 degrees Fahr.) is developed. Hence, when no property 
other than heat resistance is essential, one might readily take advantage of the 
higher silicon irons to obtain castings of markedly improved growth and oxida- 
tion resistance just so long as the temperature conditions in service do not greatly 
exceed those of the test. But as the authors pointed out, one should not interpret 
the results too broadly by assuming that the effect of silicon in the range men- 
tioned will also hold for conditions of heating much above as well as much below 
the temperature of 800 degrees Cent. (1470 degrees Fahr.) employed in the study. 
Furthermore, atmospheres which differ from the atmosphere existing in the 
laboratory furnace may likewise affect the results materially. Yet, as a guide 
to a selection of cast iron for exposure in air at 800 degrees Cent. (1470 degrees 
Fahr.) or thereabouts, the results of the work are extremely helpful. 

One factor not mentioned in the paper but likely to have had an important 
effect on the character of the growth curve for the plain iron is the fact that the 
temperature chosen for cyclic heating was just above the alpha-gamma trans- 
formation temperature for the 2.5 per cent silicon iron but below the transforma- 
tion temperature for the remaining higher silicon irons of the series. Hence, the 
growth of the 2.5 per cent silicon iron was thus influenced by the transformation 
occurring during each cycle as well as by internal oxidation. Those who have 
conducted growth tests realize how profoundly the alpha-gamma transformation 
may speed up the growth of cast iron through solution and reprecipitation of 
graphite and through volumetric changes that prevail. Growth in the 2.5 per 
cent silicon iron must, therefore, have been greatly accentuated over that of the 
remaining irons. 

Previous work by others has indicated a second range of silicon content 
within which the growth of cast iron at elevated temperatures is impeded. This 
range lies below the silicon contents of the irons employed in the present study. 
Thus, irons with silicon contents below 2 per cent have often shown less growth 
than irons of substantially similar composition but containing from 2 to 3 per cent 
silicon. Part of the improvement with low silicon contents probably stents from 
the increased stability of the pearlitic matrix and the general tendency for the 
graphite to be somewhat more refined in the lower silicon irons. At any event, 
growth of cast irons at temperatures above the transformation may be retarded 
appreciably with lower silicon contents. The following will illustrate this effect 
of silicon. 

Growth tests were conducted on two plain cast irons, one of which contained 
3.30 per cent carbon, 1.90 per cent silicon, 0.65 per cent manganese, 0.15 per cent 
phosphorus, and 0.05 per cent sulphur; the other contained 3.30 per cent carbon, 
3.15 per cent silicon, 0.65 per cent manganese, 0.15 per cent phosphorus, and 0.05 
per cent sulphur. The irons received a late treatment with ferrosilicon. Speci- 
mens 10 inches long, taken from sections of 1.2-inch transverse bars, were 
equipped with stainless steel plugs at the ends, in the same manner as the speci- 
mens used by Burgess and Bishop, so that length increases could be measured 
with a micrometer without an error from oxide accumulation. The specimens 
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were heated in an electric furnace for four hours at 870 degrees Cent. (1600 de- 
grees Fahr.), a temperature well above the critical temperature for both irons, 
then furnace-cooled to room temperature, and measured for increase in length. 
This heating cycle was repeated 8 times. After the first two cycles, growth 
progressed uniformly at a substantial rate. The total growth over the 8-cycle 
period for the higher silicon iron was 0.038 inch per inch while that for the lower 
silicon iron was 0.025 inch per inch, or approximately two-thirds that for the 
higher silicon iron. Thus there appear to be situations when the lower silicon 
irons may be markedly superior to somewhat higher silicon irons in growth 
resistance, and the curve for plain iron shown by Burgess and Bishop in Fig. 1, if 
extended to lower silicon percentages, might have shown this to be the case. 

Written Discussion: By A. J. Edgar, technical advisor, Gray Iron 
Founders’ Society, Inc., Washington, D. C. 

The work is excellent and the authors are to be congratulated on a definite 
contribution to the vast field that will have to be covered on gray iron metallurgy. 
However, would not the paper have been more convincing if the irons had been 
chosen over a wider range of silicons, say, starting at 1.50 per cent and advancing 
at 0.50 per cent increments up to 10 per cent silicon content. These silicon con- 
tents should also be tied up with the carbon content so that the carbon equivalent 
would be a factor in conclusions. 

The temperature of 800 degrees Cent. (1470 degrees Fahr.) is about the ulti- 
mate that can be withstood normally by even high alloy cast irons. Could it be 
possible that the irons used would react differently and respond differently at 
temperatures of, say, 425, 540 or 650 degrees Cent. (800, 1000 or 1200 degrees 
Fahr.) ? 

In determining the oxidation loss there should have been some consideration 
of the condition of the bars after removing the scale. A certain bar might have 
shown a low scale loss per square inch and be pitted which would indicate that 
the loss would have been considerably greater had the test continued; whereas 
another bar could have a higher weight loss per square inch but the parent 
surface of the bar could still be smooth and sound, indicating that the deteriora- 
tion had been uniform and much more predictable for practical purposes. 


Authors’ Reply 


As usual, Dr. Lorig’s comments are very much to the point and are a valu- 
able contribution to the paper. Considering unalloyed cast irons in the normal 
silicon range, it has been generally recognized that to maintain high strength and 
stability on exposure to moderately high temperatures, it is desirable to hold the 
silicon level of such irons to a relatively low value. For example, an iron at a 
given carbon level with a silicon content of 1.5 per cent will normally maintain 
greater strength and constancy of dimensions than an iron containing 2.5 per cent 
silicon. The examples quoted by Dr. Lorig serve to confirm this general ob- 
servation. The minimum silicon that may be employed is, of course, governed 
by the necessity to retain a gray iron of ready machinability. When maximum 
oxidation resistance and growth resistance are the primary considerations, how- 
ever, rather than maximum strength, it has been found as described in this paper, 
that an optimum silicon range of about 3.5 to 4.5 per cent exists for unalloyed 
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irons, i.e., a silicon range somewhat above the maximum considered by Dr. Lorig. 

The above observations apply to unalloyed cast irons but not necessarily to 
irons containing substantial amounts of a carbide stabilizer such as chromium. 
As shown in the paper, high chromium irons will retain high strength at the high 
silicon levels necessary for maximum oxidation resistance. 

Dr. Lorig also suggested that the growth results may be influenced by the 
fact that the test temperature of 800 degrees Cent. (1470 degrees Fahr.) is such 
that the lowest silicon irons may pass through the Ac or alpha-gamma trans- 
formation on heating, while the higher silicon irons do not. It would appear from 
both our own previous work’ and that of other investigators’ in which various 
exposure temperatures were employed, that passing through the alpha-gamma 
transformation does not produce any unusual increase in growth or oxidation. In 
fact from the information available, the slope of the curve of growth versus ex- 
posure temperature generally shows some decrease when the Ac point is reached 
or exceeded. 
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Fig. A—Progressive Oxidation of Plain and 2 Per 
Cent Chromium Irons. 


Mr. Edgar inquires as to the condition of the cast iron bars after testing. 
The higher silicon bars showed no signs of pitting but on the contrary developed 
a very uniform adherent scale requiring the use of electrolytic pickling for its 
removal. Mr. Edgar also brings up the point that the reaction of the irons at 
lower temperatures might be different from that at the 800 degrees Cent. (1470 
degrees Fahr.) test temperature. As noted in the paper, this possibility does 
exist but in the absence of specific information it is felt that a radically different 
behavior at these lower temperatures would not be anticipated. 


1C. O. Burgess, “Influence of Chromium on the Oxidation Resistance of Cast Iron,” 
TRaNSACTIONS, American Society for Metals, Vol. 39, 1939, p. 604-622. 


C. O. Burgess and A. E. Shrubsall, ““Machinable 1.5 and 2.0 Per Cent Chromium Cast 
Irons to Resist Deterioration at High Temperatures,” Transactions, American Foundrymen’s 
Association, Vol. 50, 1942, p. 405-442. 

2A. L. Norbury and E. Morgan, “‘The Effect of Carbon and Silicon on the Growth and 


pains of Gray Cast Iron,” Journal, Iron and Steel Institute, Vol. 123, No. 1, 1931 p. 413- 
434. 
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In regard to the test temperature selected, namely, 800 degrees Cent. (1470 
degrees Fahr.), this temperature happened to coincide with the temperature used 
in previous publications of one of the authors.* The temperature of 800 degrees 
Cent. (1470 degrees Fahr.) was also chosen to take advantage of the relatively 
high rate of oxidation and growth of ordinary cast irons at this temperature. It 
is thought that had a lower exposure temperature been used, these reactions 
would have taken place more slowly, in which case the significant behavior 
illustrated in Fig. A might have been missed. In this figure the progressive 
oxidation loss or gain in weight of the irons used in the investigation is plotted 
against exposure time. The high silicon irons, both plain and 2 per cent silicon, 
that is, the irons with over the optimum amounts of silicon, lose weight during 
the first 45 to 75 hours’ exposure because of oxidation and elimination of a large 
percentage of their carbon content. Following carbon elimination, internal oxi- 
dation of the matrix takes place with a corresponding increase in weight. Growth 
coincides with this development of internal oxidation. Obviously, if the test 
temperature were decreased, it is doubtful whether this mechanism of progressive 
oxidation could have been detected within the 500-hour test period. 





THE PARTITION OF MOLYBDENUM IN IRON-CARBON- 
MOLYBDENUM ALLOYS AT 1300 DEGREES FAHR. AND 
THE NATURE OF THE CARBIDES FORMED 


By F. E. BowMAN AND R. M. PARKE 


Abstract 


The partition of molybdenum in tron-carbon-molyb- 
denum alloys of approximately eutectoid composition 
containing between 0.26 and 0.98 per cent molybdenum 
has been determined both for alloys prepared by trans- 
forming austentite directly and isothermally at 1300 
degrees Fahr. (705 degrees Cent.) and for alloys quenched 
and tempered at 1300 degrees Fahr. (705 degrees Cent.). 
The data from the alloys prepared by these two methods 
support the opinion that partition 1s related to harden- 
ability. The application of the findings to the use of steel 
is discussed briefly. 

The identification of a face-centered cubic carbide |lat- 
tice parameter 10.5250A, probable formula (Fe, Mo).,C,]| 
in these alloys suggests that a re-examination of present 
iron-carbon-molybdenum diagrams is required. 


INTRODUCTION 


_— a large portion of the total steel consumed is em- 
ployed in the annealed or normalized condition, the ultimate 
in properties is most conveniently attained by tempering a fully hard- 
ened material. In order to render such treatment applicable to rela- 
tively large sections it becomes necessary to increase the time required 
for the start of austenite transformation in the region of most rapid 
reaction, that is, in the vicinity of 1000 degrees Fahr. (540 degrees 
Cent.). This delay can best be obtained by additions of alloying 
elements and is graphically represented by the shift toward greater 
time of the Bain (1)* S-curves. 

Rate of nucleation of the products of austenite decomposition, 
their rate of growth, the grain size of the parent austenite, and its 
homogeneity are among the factors known to influence the rate of 

i1The figures appearing in parentheses refer to the bibliography appended to this paper. 


The authors are associated with the research laboratory, Climax Molyb- 
denum Company of Michigan, Detroit. Manuscript received: August 26, 1943. 
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austentite transformation. These have been well accounted for in 
the theory of hardenability. Composition, a most important factor, 
has thus far received only an empirical treatment. Sufficient data 
have been accumulated through years of physical testing to permit 
the prediction of properties from chemical composition with a reason- 
able degree of accuracy. Explanations for the role of single elements 
or combinations of elements in the hardening process are, however, 
still a matter of conjecture. 

Hardenability is essentially a function of the rate of austenite 
transformation during the initial stages of the reaction. Therefore, 
a better understanding of hardenability will most likely be found in 
a study of the fundamental factors that influence the austenite decom- 
position reaction. For example, the precipitation of carbide from 
the solid solution austenite involves diffusion of carbon, from which 
it follows that an explanation of the rate of the austenite transforma- 
tion reaction must take into account the rate of diffusion of carbon 
and any possible effect of third elements on this rate. Studies have 
been made of the effects of various elements upon the rate of diffu- 
sion of carbon in austenite. In the case of molybdenum, it has been 
found that 0.80 weight per cent molybdenum decreases the rate of 
diffusion of carbon at 1050 degrees Fahr. (565 degrees Cent.) by 
about five times (2). However, 0.80 per cent molybdenum increases 
by some 28,000 times the time necessary to transform a eutectoid 
austenite completely at 1050 degrees Fahr. (565 degrees Cent.) (3). 
From these facts it appears that additional explanations of the in- 
creased hardenability produced by molybdenum are needed. Wells 
and Mehl (4) have arrived at a similar conclusion as the result of 
corresponding studies with nickel and manganese. 

It remains to consider diffusion of the alloying element itself 
as one of the important causes of the delay of transformation of 
alloyed austenite. This implies a segregation, during transformation, 
of the third element in either of the precipitated phases, ferrite or 
carbide. To prove a relation between the property of hardenability 
and partition of the third element between ferrite and carbide, it is 
required to show at least that (A) segregation occurs prior or during 
transformation and not after transformation, and that (B) segrega- 
tion does not decrease to insignificance as the transformation tem- 
perature approaches 1000 degrees Fahr. (540 degrees Cent.). With 
these ideas in mind, an investigation of the partition of molybdenum 
between the ferrite and carbide phases in steel has been undertaken. 
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Additional discussion of the partition problem and the method of 
attack have been presented in an earlier paper (5). 


FURTHER DISCUSSION OF THE PROBLEM 


Sufficient work has been done in fields closely related to parti- 
tion to indicate that, in some instances, chemical separation of the 
carbides yields unreliable data. This has been found true in the 
authors’ laboratory, particularly when the austenite has transformed 
below 1200 degrees Fahr. (650 degrees Cent.). For this reason, 
X-ray diffraction methods, seemingly applicable under all conditions, 
were adapted to the problem. The relationship existing between the 
molybdenum content and the alpha iron solid solution lattice param- 
eter was determined from pure binary alloys (5). From this rela- 
tionship the ferrite unit cell dimensions can be used to determine its 
composition. The carbide composition would thus be determined by 
difference, providing the molybdenum content is kept low enough to 
insure the formation of cementite only. Such a procedure is neces- 
sarily based on the currently accepted iron-carbon-molybdenum con- 
stitution diagrams (6), (7) which indicate that the orthorhombic 
Fe.C is certainly the only carbide formed in alloys containing less 
then 1 per cent molybdenum. 

Recently reported data, however, have given reason for ques- 
tioning the accuracy of the current diagram. Morral, Westgren, 
and Phragmen (8) have found a face-centered cubic carbide in iron- 
rich iron-carbon-molybdenum alloys. While working with low car- 
bon molybdenum steels, Crafts and Offenhauer (9) isolated a 
hexagonal carbide, the formation of which is apparently dependent 
upon the temperature at which quenched alloys are tempered. From 
these developments it is evident that a study of the nature of the 
carbides must be a part of the partition problem. 

Certain restrictions were placed on the initial stages of the in- 
vestigation so that data on both partition and carbide structure could 
be obtained most effectively. For example, the complications arising 
from proeutectoid constituents were minimized by limiting the alloys 
studied to approximately eutectoid carbon compositions, and the car- 
bides were formed or homogenized at 1300 degrees Fahr. (705 de- 
grees Cent.) to insure conditions most favorable for their isolation. 
Partition data on commercial steels are of recognized value and later 
studies will include such materials. Pure ternary alloys, however, 
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were used in the present work to establish a fundamental basis for 
subsequent investigations. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The alloys were prepared from electrolytic iron, pure molyb- 
denum powder, and lampblack. One-thousand-gram heats were 
melted in magnesia crucibles in a vacuum induction furnace. All 
heats were held molten until visible evolution of gas had ceased and 
the pressure had returned to 500 microns (0.5 mm. Hg). Solidifica- 
tion took place in the crucible. The ingots were forged into strips 
approximately 3/4 by 1/8 inch. After removal of scale, sections of 
these strips were homogenized in vacuum at 2000 degrees Fahr. 
(1095 degrees Cent.) for 100 hours. This treatment eliminated all 
the usual evidence of segregation. The low pressure (less than 10 
microns), under which the homogenization was carried out, effectively 
prevented decarburization, as shown by microscopic examination. 

Only a state of metastable equilibrium between ferrite and iron 
carbide can be attained at 1300 degrees Fahr. (1095 degrees Cent.), 
for thermodynamic data indicate that between 1165 and 2190 degrees 
Fahr. (630 and 1200 degrees Cent.) cementite is unstable with 
respect to iron and graphite (10). The effect of a third element in 
the system upon the stability of the carbide has not been determined. 
But, since the approach to true equilibrium is extremely slow, this 
metastable state is generally accepted as representative of the ferrite- 
carbide equilibrium. In order to approach this metastable condition 
frorn two directions, it was decided to investigate the partition in 
iron-carbon-molybdenum alloys which resulted from (A) tempering 
martensite, and (B) the direct isothermal transformation of austen- 
ite. Such procedure provides a basis for comparing the rate of diffu- 
sion of molybdenum in ferrite and in austenite as well as a means of 
determining the difference, if any, in the ultimate partition resulting 
from the two modes of carbide formation. 

Homogenized samples were given a solution treatment at 2000 
degrees Fahr. (1095 degrees Cent.) for one-half hour followed by 
a water quench. Scale was removed by grinding. Metallographic 
examination of all materials failed to reveal the presence of undis- 
solved carbides. The tempering treatments were carried out at 1300 
degrees Fahr. (705 degrees Cent.) in a high vacuum. This tempera- 
ture was selected to provide the most rapid diffusion rate attainable 
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at subcritical temperatures. It is also possible to separate by elec- 
trolysis the carbides formed at 1300 degrees Fahr. (705 degrees | 
Cent.) and thereby to verify the X-ray data by an entirely independ- 
ent method. Furthermore, for the alloys prepared by isothermally 
transforming austenite, the results of which are to be compared with 
those of the tempering treatment, the transformation time at this 
temperature (1300 degrees Fahr.) is not impractically long. The 
tempering times, 150 and 250 hours, were selected arbitrarily. Fur- 
nace cooling of all samples after tempering and after direct trans- 
formation insured complete precipitation of carbon from ferrite.? 
Carbides separated electrolytically in 5 per cent hydrochloric acid 
after each treatment provided samples for the determination of 
crystal structure. The materials tempered for 250 hours yielded 
sufficient amounts of carbide for complete chemical analysis. Thus 
a material balance on these alloys was obtained, the ferrite composi- 
tion being determined by analysis of the electrolyte. 

X-ray powder patterns of the carbides were taken in a 14-centi- 
meter diameter camera. The precision determinations of the ferrite 
lattice parameters were made from patterns obtained in a 22.6-centi- 
meter diameter back-reflection focusing camera. Cobalt radiation 
was employed in all cases. Cohen’s method (12) of calculation as 
used in the case of the binary alloys (5) was used on the ferrite lat- 
tice determinations. The results are tabulated in Tables I and IT. 

The face-centered carbide noted in samples 11 and 30 has a lat- 
tice parameter of approximately 10.52 A. From the analysis of the 


Table I 
Alloys Quenched and Tempered at 1300 Degrees Fahr. for 150 Hours 
Alloy No. 25 28 11 30 
Composition 
SS OT eee 0.82 0.78 0.74 0.83 
Molybdenum, Per Cent ....... 0.26 0.54 0.74 0.98 
X-ray Determination 
Molybdenum in Ferrite, Per Cent 0.19 0.45 0.54 0.66 
Molybdenum in Carbide, Per Cent 0.73 1.29 3.23° 2.81* 
Carbide Structure ........c.00.; Orthorhombic Orthorhombic Orthorhombic Face-cent. 
+ Face-cent. Cubic + 
Cubic Orthorhombic 


*The values given for the mixtures of the two carbides are the results of calculations 
based upon the relative proportions of the two materials present, as judged from the inten- 
sity of their diffraction patterns. 


“Burns (11) has reported that the carbon soluble in ferrite at 1200 degrees Fahr. (650 


degrees Cent.) produces appreciable expansion in the lattice which is retained by rapid 
couling. 
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Table Ii 
Alloys Quenched and Tempered at 1300 Degrees Fahr. for 250 Hours* 


Alloy No. 25 28 11 30 
Composition 
SS a re 0.82 0.78 0.74 0.83 
Molybdenum, Per Cent ....... 0.26 0.54 0.74 0.98 
X-ray Determination 
Molybdenum in Ferrite, Per Cent 0.17 0.38 0.44 0.51 
Molybdenum in Carbide, Per Cent 0.89 va 2.967 3.707 
Chemical Analysis 
Molybdenum in Ferrite, Per Cent 0.17 0.36 0.43 0.50 
Molybdenum in Carbide, Per Cent 0.90 1.74 3.01 3.74 
Carbon in Carbide, Per Cent ... 6.64 6.59 6.23 5.34 
Stoichiometric Composition of Carbide 
Theoretical Mol Per Cent C 
“~ * ea 25.00 25.00 25.00 25.00 
Gs ccedecees 20.69 20.69 20.69 20.69 
Experimental Mol 
IME TG wb daeeccsoenes 24.99 25.10 23.91 21.12 


Cariide Structure .........20; Orthorhombic Orthorhombic Orthorhombic Face-cent. 


+ Face-cent. Cubic + 
Cubic Orthorhombic 


*A small loss of carbon is apparently inevitable in the electrolytic separation of the 
carbides, and the values given have been corrected to take this loss into account. In no case 
did these corrections alter the values of ferrite composition reported by the analytical labo- 
ratory by more than 10 per cent and, in most instances, considerably less. The agreement 
between the corrected values and those obtained from diffraction patterns is satisfactory. 

+The values given for the mixtures of the two carbides are the results of calculations 
based upon the relative proportions of the two materials present, as judged from the inten- 
sity of their diffraction patterns. 





material from sample 30, this carbide appears to correspond to that 
reported by Morral, Westgren and Phragmen (8), (13). They des- 
ignate this carbide as (Fe, Mo),,C, because of its structural analogy 
with Cr,,C, found in the chromium-carbon system (14). 

From the results obtained it is evident that a definite migration 
of molybdenum from the ferrite to the carbide takes place during the 
spheroidization of martensite. Also, when sufficient molybdenum is 
present a new carbide is formed. Although equilibrium was evi- 
dently not reached within the times employed in the experiments 
described, the tendency toward equilibrium is apparent. The results 
indicate that, after long exposure to high, but subcritical, tempera- 
tures, the ferrite would be largely depleted in molybdenum if suffi- 
cient carbon were present. This is a significant fact in connection 
with the use of alloy steels for long times at elevated temperatures. 

The partition of molybdenum between ferrite and carbide 
formed isothermally (at temperatures above 1000 degrees Fakir.) 
from austenite is more closely related to the problem of harden- 
ability than the partition in tempered alloys. Here again interest in 
actual partition data is accompanied by the need for information 
regarding the carbides formed. In order to obtain the partition re- 
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sulting from the actual transformation reaction and to eliminate as 
far as possible any subsequent molybdenum diffusion, the times nec- 
essary for the completion of the reaction were obtained by the usual 
metallographic methods (1). The samples used in obtaining parti- 
tion data remained at the reaction temperatures for this time only. 
Samples homogenized as previously described were austenitized at 
1600 degrees Fahr. (870 degrees Cent.) for one-half hour in a com- 
pletely deoxidized lead bath. Metallographic examination of water- 
quenched samples failed to disclose evidence of undissolved carbides. 
From the austenitizing bath the materials were quenched into lead at 
1300 degrees Fahr. (705 degrees Cent.) and held for the time found 
necessary to complete the transformation. 

Carbides from these completely transformed alloys were sepa- 
rated electrolytically and analyzed chemically in the manner described 
for the tempered materials. To obtain sufficient amounts of carbide 
for this purpose, it was not necessary to attack the entire sample. 
The portion of the alloy which remained unattacked was used to 
obtain the ferrite diffraction patterns. This insured that the ferrite 
lattice parameter was measured on material identical with that on 
which the carbide structure and composition, as well as the chemical 
determination of the ferrite molybdenum content, were made. The 
carbide diffraction patterns of the isothermally transformed alloys 
gave no evidence of a mixture of the orthorhombic and face-centered 


cubic structures noted in the tempered alloys. The results are listed 
in Table IIT. 


Table Ill 








Alloy No. 25 28 11 30 


Composition 
Carne. wer Gem ......cse ~ 0.82 0.78 0.74 0.83 
Molybdenum, Per Cent ....... 0.26 0.54 0.74 0.98 
Transformation Time, Seconds ... 850 1000 3000 4500 
X-ray Determination 
Molybdenum in Ferrite, Per Cent 0.14 0.04 0.18 0.23 
Molybdenum in Carbide, Per Cent 1.13 3.41 4.14 4.95 
Chemical Analysis 
Molybdenum in Ferrite, Per Cent 0.13 0.04 0.19 0.23 
Molybdenum in Carbide, Per Cent 1.21 3.42 4.02 4.96 
Carbon in Carbide, Per Cent ... 6.63 5.23 5.20 5.19 
Stoichiometric Composition of Carbide 
Theoretical Mol Per Cent C 
Mt GU Ps tens stores 25.00 25.00 25.00 25.00 
MERE gk co weenie 20.69 20.69 20.69 20.69 
Experimental Mol 
BE WOE nunc 4 ves coe w es 24.99 20.73 20.67 20.71 
Carbide Structure ........ ... Orthorhombic Face-cent. Face-cent. Face-cent. 


Cubic Cubic Cubic 
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The face-centered cubic carbide found in three of the isother- 
mally transformed alloys provided material suitable for a thorough 
investigation. Back-reflection patterns were made and the lattice 
parameter was accurately determined. It was found to be 10.5250A. 
No detectable variation in lattice parameter was found to have been 
produced by the three different molybdenum contents in the carbides 
as determined from chemical analysis. Morral (13) reports the 
results of a study of this type of carbide as it is found in the iron- 
tungsten-carbon system. He also reports the existence of a face- 
centered carbide in the iron-carbon-molybdenum system with a lattice 
parameter of 10.52, A; beyond that no further work was done. The 
carbon contents of the carbides isolated in the present investigation 
indicate that the formula (Fe, Mo),,C, can be accepted as represent- 
ing its composition. Westgren (15) has shown that the correspond- 
ing iron-tungsten carbide contains 116 atoms per unit cell. As might 
be expected from the high iron content, this face-centered cubic car- 
bide is strongly ferromagnetic. 

A further investigation of the extent to which molybdenum fol- 
lows the carbon during the actual transformation was made on alloys 
50 per cent transformed. In all cases the carbides isolated from the 
alloys so treated displayed structures identical with those found to 
exist at the end of transformation. As indicated above, it is impos- 
sible to detect small changes in the composition of the carbide by 
lattice parameter measurements. Consequently, it cannot definitely 
be said that the molybdenum content remains unchanged during 
transformation . From the work on the partially transformed alloys 
it is apparent that molybdenum forms the cubic carbide in a very 
short time—not more than 600 seconds in the case of the 0.54 per 
cent molybdenum alloy. Comparing this with the results of the tem- 
pering treatments, which required as much as 250 hours, it seems 
highly improbable that the movement of molybdenum out of the fer- 
rite during the time involved in the transformation would be detec- 
table. Attempts to isolate sufficient amounts of carbides for chemical 
analysis from these partially (directly) transformed alloys were 
unsuccessful. The presence of martensite complicates the process in 
that the free carbon content of the residue is greatly increased. 
Apparently a portion of this carbon originates in the martensite, and 
consequently any adjustment of the analytical results is impossible. 
The application of diffraction methods is also unsatisfactory because 
of the lattice expansion produced by the excess carbon trapped in 
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solution in the ferrite by the quench from 1300 degrees Fahr. (705 
degrees Cent. ). 

The stability of the face-centered cubic carbide is of utmost im- 
portance in considering the iron-carbon-molybdenum diagram. For 
this reason, a homogenized sample of the high-molybdenum alloy was 
treated, after transformation at 1300 degrees Fahr. (705 degrees 
Cent.), for an additional 150 hours at this temperature. The cubic 
structure found at the end of transformation was maintained, but a 
further concentration of molybdenum in the carbide occurred. The 
partition of molybdenum resulting from this treatment is noted in 


Table IV. 


Table IV 


Alloy Isothermally Transformed at 1300 Degrees Fahr. and Held 150 Additional 
Hours at That Temperature 


Composition of the Alloy ............. 0.92 Per Cent Molybdenum, 0.80 Per Cent Carbon 
Molybdenum in Ferrite .............::. 0.092 Per Cent 
COODEOIIEEED OE CORUEIO ccccccewcsccces 5.45 Per Cent Molybdenum, 5.18 Per Cent Carbon 


Stoichiometric Composition of the Carbide 

Theoretical Mol Per Cent Carbon in 
i hig os Ba 5 wee 20.69 
Experimental Mol Per Cent Carbon .. 20.79 





DISCUSSION OF RESULTS 


It is apparent from the evidence at hand that molybdenum, when 
present in sufficient quantity, is capable of altering the structure as 
well as the composition of the iron-rich carbide. Further work will 
establish more definitely the concentration of this element necessary 
to effect the alteration. At present it can only be said that, under 
conditions most favorable for the migration of molybdenum atoms, 
0.54 per cent molybdenum, or more, in austenite will yield this new 
phase in eutectoid steels. This value is appreciably lower than that 
of the alloys in which the existence of the cubic carbide was first 
noted, namely the 1 per cent carbon and 2 per cent molybdenum 
materials reported by Morral (13). It is also well within the range 
indicated by present equilibrium diagrams as containing only ortho- 
rhombic cementite. Without doubt a redetermination of the iron cor- 
ner of the iron-carbon-molybdenum diagram is required, with greater 
emphasis placed on the purity and homogeneity of the alloys and a 
closer approach to equilibrium. It would be inadvisable to attempt 
any reconstruction of the diagram on the basis of present informa- 
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tion, but certain facts may be pointed out. A region of coexistence 
of ferrite, cementite, and the cubic carbide is required by the phase 
rule to exist between the ferrite-cementite and ferrite-cubic carbide 
fields. No evidence of such a condition was found in the isothermally 
transformed alloys studied, but the possibility of its existence cannot 
be eliminated on this evidence. Small portions of either carbide 
could easily be lost in the separation treatment. It is possible to 
identify the structure of the predominant: carbide from diffraction 
patterns of the complete alloy, but the interference lines of the minor 
phase might be undetectable. The coexistence of the two carbide 
phases in the quenched and tempered samples of alloys 11 and 30 
cannot be accepted as representative of the equilibrium conditions, 
for they obviously represent only a transitory state. 

The degree to which molybdenum segregates in the carbide dur- 
ing the actual transformation of austenite to ferrite and carbide 
strengthens the suspicion that the migration of the alloying element 
is responsible for the decreased rate of transformation. The extent 
to which the two major factors involved—the rate of nucleation and 
rate of growth—are individually affected remains to be determined. 
However, the fact that in certain cases a carbide is formed which 
has much larger unit cell dimensions than cementite would naturally 
lead to the expectation of an influence on the nucleation rate. A 
decrease in the rate of growth seems obligatory in view of the much 
less rapid diffusion rate of molybdenum in austenite (16) as com- 
pared with that of carbon. 

It is hoped that a complete explanation of the effects of molyb- 
denum on hardenability will result from a correlation of diffusion 
rates of the element in austenite with partition data. It remains to 
be shown that a comparable concentration of molybdenum in the 
carbide also occurs when austenite is transformed in the vicinity of 
1000 degrees Fahr. (540 degrees Cent.). If such is found to be 
true, then partition can most certainly be related to hardenability. 
This additional work will be attempted. 

The complexity of the problem is readily apparent, and a thor- 
ough understanding of it will result only from a complete thermo- 
dynamic study of the system. The mechanism of the hardening 
process will be brought more clearly into focus, however, by con- 
tinued studies of partition. In addition to the effect of transforma- 
tion temperature on the distribution of the alloying element, the influ- 
ence of proeutectoid constituents, both ferrite and carbide, must be 
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considered. The extent to which manganese, silicon, and other ele- 
ments commonly found in steel influence the partition of the major 
alloying element must also be determined if partition data are to be 
applied to alloys of commercial analysis. 


SUMMARY AND CONCLUSIONS 


A. study of the distribution of molybdenum in pure iron-carbon- 
molybdenum alloys of approximately eutectoid carbon content: dis- 
closes that molybdenum concentrates in the carbides. This concen- 
tration occurs both in carbides formed directly from austenite at 
1300 degrees Fahr. (705 degrees Cent.) and in carbides formed 
by tempering martensite at 1300 degrees Fahr. (705 degrees Cent.). 
The extent of this segregation is much greater in the isothermally 
transformed materials at the end of transformation (which in no 
case required more than 30 minutes) than is found in alloys quenched 
and tempered for as long as 250 hours at the same temperatures. 
In both cases, holding the alloys for extended times at 1300 degrees 
Fahr. (705 degrees Cent.) produces a continued migration of the 
molybdenum from the ferrite to the carbide. 

A face-centered cubic carbide having a lattice parameter of 
10.5250 A was found, exclusively, after isothermal transformation 
in all alloys containing at least 0.54 per cent molybdenum. Chemical 
analysis indicates that the formula (Fe, Mo)..C, can be considered 
as representing the composition. The quenched and tempered alloys 
contain this carbide only when the molybdenum content exceeds 0.75 
per cent. In these cases it was found to exist simultaneously with the 
orthorhombic cementite. When molybdenum-containing austenite 
transforms at 1300 degrees Fahr. (705 degrees Cent.), the molyb- 
denum diffuses through the austenite to the carbide and does so at 
a rate considerably greater than the rate at which it diffuses to the 
carbide through ferrite. The results of the work presented indicate 
that the partition of the alloying element may, through the necessity 
for its diffusion during the direct transformation of austenite, exert 
an important influence on hardenability. 

The need for a redetermination of the iron-rich corner of the 
iron-carbon-molybdenum diagram is indicated by the confirmation 
of the existence of a carbide phase not considered in the diagrams 
currently accepted. 

The tendency for the alloying element to migrate from the ferrite 
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to the carbide is a consideration of major importance in the use of 
steels at elevated temperatures for extended periods of time. 

Excessive spheroidization of the carbides in steel during an 
annealing process is known to reduce the hardenability of the steel 
in the subsequent hardening treatment. The present work suggests 
that this fact is especially important in the heat treatment of molyb- 
denum steels. The full capacity of molybdenum steels to harden may 
not be realized if the annealing treatments are performed merely to 
achieve a certain hardness. 
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INTERRUPTED QUENCH AND ISOTHERMAL TREAT- 
MENTS OF PRECIPITATION HARDENING ALLOYS: 


INTRODUCTORY NOTES 
By R. H. Harrincton 


Abstract 


Three industrial alloys were studied: (a), 97 copper- 
2.6 cobalt-0.4 beryllium, (b), 96 aluminum-4 copper and 
(c), 92.7 aluminuin-7 silicon-0.3 magnesium. The rate 
of cooling from the solution temperature was not very 
critical, least so for the copper alloy. Interrupted quench 
treatments, for periods of minutes in the aging range, 
followed by standard aging treatments had practically 
no effect relative to the standard properties of the copper 
alloy; for the aluminum-silicon-magnesium alloy some 
very good properties were developed, all, however, 
slightly inferior to the maximum strength properties 
developed by quenching to room temperature. Isothermal 
(quench aging) treatments resulted in markedly lower 
properties for the copper alloy; with one exception the 
same effect resulted for the aluminum-copper alloy; 
while such treatments yielded good properties for the 
alloy aluminum-silicon-magnesium, these were all inferior 
in strength properties to the fully quenched and aged 
alloy. Microstructures, so developed, are not distinctly 
definitive although some differences may be noted. There 
are three chief results: (A), some very good properties 
can be developed by these treatments; (B), in full 
quenching, relatively rapid cooling from the aging range 
to room temperature is most tmportant in the develop- 
ment of maximum tensile properties; (C), further re- 
search with wider ranges in time and temperatures for 
interrupted quench and quench aging treatments should 
evaluate the role of full-quenching strain relative to the 
nuclet number and quantity of precipitate evolved on 
subsequent aging. (By all previous experience, the rate 
of grain growth is dependent upon temperature alone 
after the early relief from strain.) 





GREAT deal of research has been done on the “isothermal heat 
treatments” of steels, the resulting data yielding the now 
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widely familiar S-curves for these materials. This method has 
been given little, if any, attention as a means for studying precipi- 
tation reactions in age hardening alloys. 

Relative to precipitation hardening alloys, considerable work 
has been done in the study of the effect of the rate of cooling 
concluding the solution treatment. Several recent examples are 
as follows: Sykes (1)* compared the cooling rates for quenching 
iron-tungsten alloys in tap water and in air; Hunsicker (2) com- 
pared the cooling rates for aluminum-copper alloys quenched in 
cold and in boiling water; Fink and Smith (3) described the effect 
of thermal strain from fast rates of cooling upon subsequent 
preferred precipitation in aluminum alloys. Most of this work 
has been based on hardness measurements following final aging 
treatments. Hardness measurements are indicative but fail to show 
the inter-relationships of proportional limits, yield strengths, tensile 
strengths and elongations. It is interesting to note a statement by 
Hunsicker in his discussion of some of Sykes’ work (1): “The 
effect of formation of nuclei during the quench on the ultimate 
mechanical properties of a precipitation hardening alloy is not 
certain.” 

The purpose of this report is to give briefly a few introductory 
notes upon the effects of some “isothermal treatments” upon the 
mechanical properties of three standard industrial alloys. The 
results indicate varying effects in the different alloys and justify 
continuing this type of research in more detail and with respect to 
other alloys as well. 


GENERAL 


Standard equilibrium diagrams yield only the information 
relative to the identity of the co-existing phases, the temperature 
range for precipitation for a given composition, and the quantity 
of the precipitated phase that can form for a given composition 
when the alloy is cooled so slowly as to be substantially free from 
strain. 

Thus the factors most affected by strain from quenching 
(precipitation hardening alloys) are rate of nucleation, the number 
of nuclei, and rate of grain growth from these nuclei should 
quenching strains still persist. It is even possible for imposed strain 


*The figures appearing in parentheses refer to the bibliography appended to this paper. 
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to shift the position and shape of the solvus line (4) and thus alter 
the quantity of precipitating phase from that indicated by the 
equilibrium diagram for strain-free material. 


Heat TREATMENTS 


The “standard” heat treatment that yields the maximum strength 
properties, regardless of any practical significance, was chosen for 
basic consideration since it should be the most sensitive to effects 
of deviation from its standard performance. 

Technically, any heat treatment that constitutes holding the 
material for any finite time at constant temperature is an “isothermal” 
heat treatment. For descriptive purposes, two types of isothermal 
treatments employed in this research are defined as follows: 

Interrupted Quench—This consists of interrupting the con- 
tinuity of the quench cooling, holding the material at a stated con- 
stant temperature for a given time interval, usually brief, after 
which the quench is completed to room temperature and the alloy is 
subsequently aged at room or elevated temperatures. 

Quench Aging—This constitutes rapidly and continuously cool- 
ing the alloy from the solution temperature down to the desired 
aging temperature at which temperature the material is completely 
and directly aged. The final rate of cooling from this aging treat- 
ment is essentially without further effect. 

For the purposes of this introductory investigation, interrupted 
quench treatments were employed involving only a few minutes at 
temperatures just above and just below the standard critical aging 
temperature, while quench aging treatments were made directly 
comparable to the standard aging treatment. 


AtLLoy MATERIALS 


The copper-base alloy, containing 2.6 cobalt and 0.4 beryllium, 
in its various cast and wrought forms combines the following prop- 
erties when heat treated: 45,000 to 55,000 pounds per square inch 
proportional limit; 50,000 to 60,000 pounds per square inch elastic 
limit ; 90,000 to 125,000 pounds per square inch tensile strength; 
92 to 105 Rockwell B hardness; 45 to 55 per cent of the electrical 
conductivity of copper; an endurance limit of 34 to 36,000 pounds 
per square inch for 100 million cycles; impact resistance (Charpy) 
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of 25 to 35 foot-pounds; and structural stability up to 500 degrees 
Cent. (930 degrees Fahr.). 

The two aluminum alloys, containing respectively 4 per cent 
copper and 7 per cent silicon + 0.3 per cent magnesium, are well 
known and widely used and require no detailed introduction. 


Test SAMPLES 


To eliminate as much as possible the confusing effects of 
previous history of the samples, these initial experiments were per- 
formed upon standard sand-cast tensile bars of each of the three 
alloys. Subsequent photomicrographs showed that the resulting grain 
sizes were as normally expected for each alloy so cast. The reported 
tensile properties are averages for results from 3 bars. 


METHODS 


For the copper base alloy the interrupted quench and quench 
aging treatments were performed in a controlled-temperature, elec- 
trically-heated lead bath. In the case of the aluminum alloys, a stable 
quenching oil was substituted for the molten lead. For these treat- 
ments, quenching was done by direct immersion of the test samples 
into the molten lead or oil at the chosen temperatures. In the case 
of the copper base alloy, the samples were air-cooled at the conclu- 
sion of the interrupted-quench treatments whereas the aluminum 
alloys were water-quenched. All bars were air-cooled at the con- 
clusion of the various aging treatments. 

In each property table, the first line of properties is for the S 
(or standard) treatment with M or T (in the hardness column) 
indicating the minimum or typical properties normally specified. 
Heat treatment No. 1, in each case, gives the resulting properties 
for this specific lot of tensile bars when given the standard heat 
treatment, thus qualifying the quality of the particular lot of bars. 


THE Copper-BasE ALLoy: 97 Per Cent Copper- 
0.4 Per Cent BeryLiium-2.6 Per Cent CoBAtt 


Treatment No. 1 shows that this lot of tensile bars was of very 
acceptable quality, the standard treatment, as usual, involving a water 
quench from the solution temperature. (Properties for this alloy 
are given in Table I.) 
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Table | 
97 Copper—0.4 Beryllium—2.6 Cobalt (Trodaloy-1) 


Intermediate 
or 


Solution Isothermal Aging Propor- Elong- Rockwell 
Heat Treatment Treatment Treatment tional Tensile ation Hardness 
Treat. Temp. Temp. Temp. Limit Strength in 2” 
No. ss Time "ie Time — Time P.S.I. P.S.1I. % Scale 
Ss 900 1 Hr. oe cae 500 2 Hrs. 45,000 90,000 10 92 
W.Q. M 
1 900 wo: aie fan 500 2 Hrs. 48,000 95,000 13 95 
2 900 1Hr. 450 2 Min. 500 2Hrs. 46,900 94,000 13 93 
3 900 1iHr. 550 2Min. S00 2Hrs. 47,400 92,000 12 92 
ce : 
4 900 1 Hr. 500 2 Hrs. 7 san 29,800 70,450 17 80 
A.C. 
5 900 1 Hr. sie mae 500 1 Hr. 
W.Q. W.Q. } 43,800 90,350 13 93 
500 2 Hrs. 
6 900 1 Hr. a ie 600 10 Min. 
W.Q. W.Q. 40,250 79,000 12 86 
500 2 Hrs. 


Treatments 2 and 3, for interrupted quenching at temperatures 
50 degrees below and above the standard aging temperature, show 
that apparently the rate of nucleation, number of nuclei and grain 
growth of the precipitated phase during subsequent aging were 
relatively unaffected by these treatments. Also, it is indicated that 
this alloy is certainly insensitive to the rates of cooling employed 
over a rather wide range. 

Treatment No. 4, with quench aging comparable to standard 
aging, showed marked depreciation in all properties and indicates 
that the alloy must be cooled nearly to room temperature before 
final aging in order to achieve its most useful properties. 

Double aging at the standard aging temperature, treatment No. 5 
had no appreciable effect relative to standard properties. 

Double aging, with 10 minutes primary over-aging at 600 de- 
grees Cent. (1110 degrees Fahr.), treatment No. 6, lowered the 
tensile strength and hardness but had much less depreciative effect 
than the direct quench aging (treatment No. 4). 

Thus, for this alloy, strain is not critical from a wide range of 
cooling rates, but is required to develop efficient properties. That 
the quenching strain is not critical for various cooling rates from 
the solution temperature may be due to the fact that localized strain 
from the high degree of coring in the structure would take place 
anyway and, in this case, may be the predominant strain factor. 
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THE ALLoy oF 96 PER CENT ALUMINUM-4 PER CENT COPPER 


Properties for some of the treatments given this alloy are shown 
in Table II. Treatment No. 1 shows that this lot of tensile bars 
qualifies satisfactorily on the basis of the standard treatment 
(line S). 


Table Il 


% Aluminum—4 Copper (Aluminum Alloy 195) 


Intermediate 


Solution or Aging Propor- 0.2% Elong- 
Heat Treatment Isothermal Treatment tional Yield Tensile ation 
freat. Temp. Treatment Temp. Limit Strength Strength in 2” 
No. So. Time Temp. Time es Time P.S.I. P.S.I. P.S.I. % 
S 515 15 Hrs. W.Q. 155 S5Hrs. 14,000 22,000 32,000 3M 
36,000 5T 
1 515 iS Hrs. W.Q. 155 S5Hrs. 14,200 22,500 33,200 5.2 
2 515 2Hrs. W.Q. 155 20 Hrs. 14,000 26,200 33,600 3.6 
3 515 2Hr. W.Q. 175 20 Hrs. 15,400 30,200 35,700 2.3 
4 515 2Hrs. W.Q. 200 20 Hrs. 15,700 25,600 32,000 aun 
5 515 2Hrs. W.Q. 155 8Hrs. 13,900 24,600 32,300 2.5 
6 515 2Hrs. W.Q. 175 8Hrs. 12,400 24,700 32,200 3.0 
7 SiS 2Hre.- W.Q. 200 8Hrs. 14,300 25,900 32,000 2.0 
22 515 2Hrs. O.Q. 155 20 Hrs. 17,200 25,800 35,100 3.8 
66 515 2Hrs. O.Q. ao 175 S8Hrs. 15,200 27,500 33,100 2.4 
222 515 2 Hrs. 155°C 20 Hrs. A.C. a iace 12,200 23,200 29,800 2.0 
555 515 2Hrse. 155°C 8 Hrs. A.C. ee 16,100 23,800 30,700 2.3 
666 SiS 2Hre. 175°C SHre. A.C. Cord 10,600 17,600 26,200 3.7 
777 515 2Hrs. 200°C 8Hrs. A.C. me 11,300 18,900 27,000 32 
777A 2 Hrs. 200°C 4Hrs. A.C. ai 11,100 18,200 27,400 3.6 


515 





| 
| 


Since it is usually difficult to determine the proportional limit 
from stress-strain data from aluminum alloys with more than 
+ 2000 pounds per square inch accuracy, specific comparisons are 
better based on the 0.2 per cent yield strength. Comparisons are 
especially valid when all three stress properties show increases or 
decreases in parallel. 

It was found that heat treatment No. 2, with only 2 hours’ solu- 
tion treatment but with aging extended to 20 hours, yielded slightly 
higher stress properties and thus probably represented more critical 
precipitation for these bars. This solution treatment was arbitrarily 
chosen as the base for study of this alloy. 

For soluton treatments 2 through 7, the strain from solution 
quench should be about the same. For this series of treatments it is 
considered that variations in elongation from about 2.5 to about 
3.5 per cent are insignificant and comparisons are mainly based on 
the stress properties. 

Heat treatments 2 through 7 yield the properties for various 
combinations of time with aging temperature. The highest strength 
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properties, and probably the maximum precipitation aging effect, 
were developed by an aging treatment of 20 hours at 175 degrees 
Cent. (350 degrees Fahr.) (No. 3). 

Heat treatments 22 and 66 show the effect of a slower rate of | 
cooling in an oil quench and should be compared respectively with 
water quench treatments Nos. 2 and 6. In both cases the oil quench 
treatments yielded the higher properties with heat treatment No. 22 
resulting in the best properties for the whole series. 

Heat treatments 222, 555, 666, 777 and 777A involve direct 
quench aging and, compared respectively with treatments 2, 5, 6, 
and 7, yield definitely lower properties. It appears necessary to 
completely cool this alloy to room temperature and age in the con- 
ventional manner in order to achieve maximum precipitation aging 
properties. Thus the strain from quenching appears to play a decisive 
role in developing maximum properties. 


THE ALUMINUM ALLoy CONTAINING 7 PER CENT SILICON AND 
0.3 Per CENT MAGNESIUM 


The properties for various heat treatments of this alloy are 
shown in Table III. There are two treatments available for this 
alloy and in use at this time. The widely used standard treatment 
with its minimum and typical properties are listed for heat treatment 
SO. 

Heat treatment S1 (5), however, yields the maximum precipita- 
tion strengthening and was chosen as the base for this study. Heat 
treatment No. 1 yielded the high strength properties that, by com- 
parison with S1, qualified this lot of standard tensile bars as being of 
good quality. 

Treatments 1A1 and 1A2 show the effect of interrupted quench 
heats at 140 degrees Cent. (285 degrees Fahr.). Unfortunately, it 
was anticipated that the longer time of interruption at 140 degrees 
Cent. (285 degrees Fahr.) (1A2) would require less subsequent 
aging. This was not true and this treatment resulted in marked 
under-aging. Interrupted quench treatment 1Bl, at 170 degrees 
Cent. (340 degrees Fahr.), also resulted in under-aging. However, 
interrupted quench treatments 1B2 and 1B3, having the basic aging 
treatment, give a direct comparison of 2 minutes versus 10 minutes 
interruption. For full aging treatments, this alloy is relatively 
insensible to brief interrupted quenches in the range of its critical 
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Table III 
92.7 Aluminum—7 Silicon—0.3 Magnesium (Aluminum Alloy 356) 


Intermediate 
Solution or Aging Propor- 0.2% Elong- 
Heat Treatment Isothermal Treatment tional Yield Tensile ation 
Treat. Temp. Treatment Temp. Limit Strength Strength in 2” 
No. °C. Time Temp. Time ps Time P.S.I. P.S.I. S.I % 
SO 538 15 Hrs. W.Q. oat 160 4Hrs. 12,000 22,000 30,000 3M 
32,000 4T 
S1 530 2Hrs. W.Q. wei 155 20 Hrs. 18,000 30,000 36,000 2M 
20,000 32,000 38,000 sT 
1 530 2Hrs. W.Q. a 155 20 Hrs. 19,000 34,000 40,000 aim 
1Al1 530 2Hrs. 140°C a 155 20 Hrs. 20,000 30,500 36,500 y 
1A2 530 24Hrs. 140°C 10.2 Min. 155 24Hrs. 9,500 17,500 27,700 4.5 
1Bi 530 2°Hrs. 170°C 2 Min. 155 SHrs. 13,250) 21,500 31,200 4.6 
1B2 530 2Hrs. 170°C 2 Min. 155 20 Hrs. 16,250 32,250 37,700 3.0 
1B3 530 2Hrs. 170°C 19 Min. 155 20 Hrs. 20,000 30,000 35,500 3.0 
2 530 2Hrs. 120°C 1.5 Hrs. ... ... 16,000 31,700 37,400 3.5 
155°C 8 Hrs. 
12 530 2Hrs. 120°C 4 Hrs. ae was 15,000 30,000 36,400 4.0 
155°C 16 Hrs. 
13 Sap | 3 ee, Se ee Cite. ccc 15,000 32,000 37,000 $.5 
3 520 2Hrs. 140°C wo, 155 20 Hrs. 17,000 31,500 36,100 3.1 
4 540 24Hrs. 140°C 2 bln. 155 20 Hrs. 22,100 33,000 38,250 3.4 





aging temperature although the basic “normal” treatment yielded 
slightly higher strength properties. 

Heat treatments 2, 12, and 13 are three slightly different direct 
quench aging treatments and there are no essential differences in the 
resulting properties. The strength (or stress) properties of all three 
fall a little short of equalling those for the basic treatment, No. 1. 
(In the instances of Nos. 2 and 12, the tensile bars were interrupted 
quench-aged for the stated times at 120 degrees Cent. (250 degrees 
Fahr.) and then directly and quickly transferred to drawing ovens 
for completing the aging treatments at 155 degrees Cent.) 

Heat treatment No. 3 is based on a solution treatment that, with 
normal quenching and aging, yields properties that are low. How- 
ever, the interrupted quench (2 minutes at 140 degrees Cent.) effects 
increased properties in this case. 

Heat treatment No. 4 shows a similar effect of interrupted 
quench (2 minutes at 140 degrees Cent.) for a solution treatment 
at 540 degrees Cent. (1005 degrees Fahr.) and subsequent aging at 


155 degrees Cent. (310 degrees Fahr.) that normally yield lower 
properties. 
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STRUCTURES 


For the Copper-Cobalt-Beryllium Alloy—Although minor varia- 
tions in shape of precipitated phase, such as feathering and the 
beginning of “spheroidization” of the platelets, occur, these struc- 
tures are not sufficiently definitive to lead to concise conclusions 
regarding the effect of specific treatments. There is a striking effect 
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Fig. 1—Photomicregraph of Copper-Cobalt-Beryllium Alloy with Heat Treatment 
No. 4, Table I. X 1000. 


of coring on the resultant location of the precipitated phase, cobalt- 
beryllium, along certain crystallographic planes. Ordinarily, the 
wrought and homogenized alloy of this composition yields a general 
distribution of small particles of cobalt-beryllium, just as would 
commonly be expected. Apparently the marked coring in the cast 
bars resulted in high localized strain (upon cooling) which, in turn, 
effected the “preferred”’, strain-induced precipitation. This is quite 
similar to the strain-induced precipitation along grain boundaries 
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and slip-planes in aluminum-copper alloys as described by Fink 
and Smith (3). Fig. 1 shows the structure for the copper-cobalt- 
beryllium alloy resulting from heat treatment No. 4 (Table I). 
For the Aluminum Alloys—Samples of the aluminum alloys 
were normally polished, holding the sample by hand against the 
rotating wheel, etched with the standard “mixed-acid” micro etch, 
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Fig. 2—Photomicrograph of Aluminum-Silicon-Magnesium Alloy, Standard Polish 
and Etch. X 1000. 


and examined at X 1000. Regardless of treatment, all of the struc- 
tures looked about identical, showing a fine, clearly outlined general 
distribution of small “precipitated particles”, as indicated in Fig. 2, 
showing the “structure” for the aluminum-silicon-magnesium alloy 
with heat treatment No. 12. It has been proven that such a “pre- 
cipitated particle” structure develops from segmented polishing 
scratches upon etching. Forty minutes polish with the final wheel, 
followed by a last polish by hand motion on a still wheel, yields the 
clear field matrix shown in Fig. 3. The fine, “precipitated-particle” 
structure, first developed in Fig. 2, was fictitious and has entirely 
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disappeared. Fig. 4 shows a similar clear field matrix after elec- 
trolytic polishing of another section. (The clear circles in Fig. 4 
are vestiges of stain.) 

Thus it must be assumed that the precipitation structures, 
developed by the various heat treatments of the aluminum alloys, 
are submicroscopic. 





Fig. 3—Photomicrograph of Same Section as Fig. 2, Final Polish by Hand Motion 
Alone. Etched. X< 1000. 


CoNCLUSIONS 


In the absence of strain, the same principles should apply to 
precipitation as apply to solidification of a crystalline structure from 
the molten state: 

(a) The rate of nucleation (or number of nuclei) would be a 
function solely of the aging temperature (in the absence of occlu- 
sions and inclusions). 

(b) The rate of grain growth would be a function solely of 
the aging temperature. 
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The time relationship of (a) to (b) would determine the result- 
ing structure and properties for any chosen aging temperature. 

It would further be true, according to the equilibrium diagram, 
that, in the absence of strain, there would be no difference in struc- 
ture and properties between (A), quenching to room temperature 
and subsequently aging at elevated temperature and (B) quenching 





~~ 4—Photomicrograph of Different Section of Aluminum-Silicon-Magnesium 
Alloy, Electrolytic Polish and Etch. x 1000. 


at the same rate from the solution temperature to the same aging 
temperature and aging thereat for the same time. 

The introductory experiments, reported herein, for interrupted 
quench and direct quench aging treatments, yield the following 
conclusions : 

1. That, as indicated by previous studies of many investigators 
chiefly on the aging cycle, strain from the solution quench plays a 
critical role in determining the properties after subsequent aging. 
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2. That response to interrupted quench and direct quench aging 
will vary from one system to another. 

3. That, for the alloys studied, the rate of cooling from the 
solution temperature to the temperature for subsequent critical aging, 
is not as critical as ordinarily supposed. 

4. That the most important and strain effective part of the 
quenching cycle is the final cooling through the temperature range 
from that of subsequent critical aging down to room temperature. 

5. That, unfortunately, the structures after subsequent critical 
aging are not generally useful (as they are in the case of steels) in 
the study of the effect of quenching strain. 

6. That the effect of quenching strain and the results of inter- 
rupted quench and direct quench aging treatments are best studied 
through the means of mechanical properties that are thus developed. 

The results of these preliminary experiments also indicate that 
other properties, such as electrical conductivity, must be included in 
further development. Over-aging treatments may prove useful in 
showing location and distribution of the precipitating phase and 
will also be included in further research. 
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DISCUSSION 


Det FREDERICKSEN :' What temperature of over-aging do you think would 
be necessary to observe the precipitated phase in the 195 alloy? 

Dr. HARRINGTON: You are speaking of a specific composition, I believe, 
that was the basis of work of a number of investigators in this country and 
also in England. The results indicated that aging in a range of 230 up to 
about 250 degrees Cent. will bring the particles of the precipitated phase up 
to microscopically visible size. 

Ratpw V. Hirkert:* I should like to ask Dr. Harrington whether the 
times at room temperature subsequent to the isothermal arrest but prior to 
artificial aging remained constant. If not, was there any difference found 
between specimens held for different lengths of time at room temperature prior 
to artificial aging ? 

Dr. HARRINGTON: For the interrupted quench aging there is no specific 
test of time at room temperature reported, and with the interrupted quench 
aging I do not know for sure but it would seem to me that, with the inter- 
rupted quench temperature of aluminum alloy at 140 degrees Cent., the room 
temperature aging taking place before the subsequent completion of artificial 
aging might be entirely negligible as far as these aluminum alloys are con- 
cerned. They have thus been aged at a certain elevated temperature for a 
number of minutes and I hardly think that further aging at room temperature 
would be effective. 

The data in this report are from bars that were artificially aged immedi- 
ately after completion of the interrupted quench treatments. 

WALTER Bonsack:* I know of only one applicatidn of such a treatment 
on aluminum alloys. This is 195 Alloy which is being quenched in boiling 
water and kept in boiling water for several hours. Properties equivalent to 
aging at room temperature are being obtained in this manner. It is a standard 
aging treatment now. From the experience I have on heat treating aluminum 
alloys, quenching at the lowest possible temperature gives superior results as 
measured in tensile strength, yield strength and better elongation. 

Dr. Harrincton: I do not believe that quenching at the lowest possible 
temperature always gives superior results. I do believe it may be true in the 
absence of plastic strain from quenching. If thermal quenching strains cause 
actual deformation at boundaries and along slip planes, as it may (Fink and 
Smith, loc. cit.), then subsequent aging may cause “preferred precipitation” 
along those boundaries and those affected planes. This could cause embrittle- 
ment and might adversely affect the tensile properties. 

Wm. L. Finx:* There is one minor point that I would like to discuss. 
Dr. Harrington raised the question as to whether strain hardening changes 
the solid solubility. We have a considerable amount of experimental evidence 


1Research metallurgist Caterpillar Tractor Co., Peoria, Ll. 
2Metallurgist, Carnegie-Illinois Steel Corp., Chicago. 
8Director of Laboratories, National Smelting Co., Cleveland. 


‘Chief of Physical Metallurgy Division, Aluminum Research Laboratories, New Ken- 
sington, Pa. 
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on this point. In determining the solid solubility of various elements in 
aluminum, it is often difficult to obtain equilibrium at the lower temperatures. 
We generally use as a criterion of equilibrium the fact that the true solubility 
curves are usually straight lines when the reciprocal of the absolute tempera- 
ture is plotted against the logarithm of the concentration. Usually there is no 
difficulty in obtaining a straight line at the higher temperatures, but at the 
lower temperatures experimental points are apt to fall off the straight line, 
indicating failure to obtain equilibrium. 

The experimental procedure we use to attain equilibrium in such cases is 
to cold roll the sample, age it for an additional time at the same temperature 
and again determine the amount of material in solid solution. Sometimes we 
have to repeat that cycle of operations two or three times to attain equilibrium. 
We have never found any indication that the equilibrium is shifted by strain 
hardening. 

There is one other point I would like to mention in connection with this 
work—the question of the size of the nuclei that form at different temperatures. 
If a sample is quenched rapidly from the solution heat treating temperature to 
room temperature, very small nuclei form during the room temperature aging 
between the quench and the artificial aging. On subsequent artificial aging 
these small nuclei are not stable, and most of them redissolve although some 
grow to a stable size, the percentage of those which grow depending upon 
the temperature and other experimental conditions. I think that effect may 
account for many of the results in Dr. Harrington’s paper. 

Dr. HarRINGTON: Referring back to Mr. Bonsack’s discussion, I was not 
directly concerned with the practical aspects of these treatments, I do not advise 
anyone to try any of these treatments in production, especially at this time, 
without thorough investigation of the practical results and the setting up of 
acceptable specifications. It is obvious that a number of these treatments are 
certainly impractical for production heat treatment. 

I do wish to discuss Dr. Fink’s statements regarding the effect of strain 
hardening on solid solubility. However, let us first consider his remarks on 
“size of nuclei that form at different temperatures.” I do not believe that, 
by theoretical definition, “nuclei” may have “different sizes.” A nucleus should, 
by primary definition, be that minimum lattice mass that will serve as a center 
for growth of a grain typified by the lattice of the nucleus. Theoretically the 
nucleus might be defined as a single lattice cell. Practically, a single cell 
seems a very frail thing and, for practical effects, a “nucleus” is probably an 
aggregate of a small number of such cells, a minimum number for real 
existence and real effect. Nuclei of different sizes merely mean to me that 
conditions have allowed some “true” nuclei to grow beyond their initial (or 
birth) size. Thus such questions are still debatable: What is a nucleus? May 
nuclei (of the same melt or solid phase) have different sizes? When does a 
nucleus cease to be a nucleus and become a growing grain? For the very 
small particle sizes involved, can “nuclei of different sizes” have different real 
effects on physical properties? How is the size of a nucleus truly measured? 
For these very small sizes of particles, isn’t the number of “nuclei” far more 
effective on properties than size of nuclei? Finally, Dr. Fink states that: 
“If a sample is quenched rapidly from the solution heat treating temperature 
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to room temperature, very small nuclei form during the room temperature 
aging between the quench and the artificial aging. On subsequent artificial 
aging, these small nuclei are not stable, and most of them redissolve although 
some grow to a stable size, the percentage of those which grow depending 
upon the temperature and other experimental conditions. I think that effect 
may account for many of the results in Dr. Harrington’s paper.” The mechanics 
so stated by Dr. Fink are undoubtedly correct but the sequence of conditions 
is not, since no appreciable “room temperature aging” (beyond about 30 sec- 
onds) was allowed for any of the isothermal treatments. At least some hours 
of natural aging must be allowed for these alloys to show any real effects 
therefrom on their resultant tensile properties. Since all of the treatments 
involved final artificial aging, all the derived structures should be just as stable 
(in a practical sense) as those derived by “standard heat treatments”. From 
my point of view, however, the very real and very probable effect of strain: 
on solute content of the parent solid solution, the number of nuclei of the 
precipitating phase, and the rate of grain growth, under certain conditions, has 
been almost entirely ignored. 

A distorted lattice is a strained lattice whether the strain is caused by 
mechanical or thermal means. Hence the principles involved in an explanation 
of the effect of prerecrystallization aging of a cold-worked solid solution 
would apply similarly in degree to the reheating of a quenched (thermally 
strained) solid solution matrix of a precipitation hardening alloy. Studies of 
the past few years (by the author and others),”®** have indicated that pro- 
nounced age hardening reactions can be induced in alloys that consist of single 
solid solution phases under normal (equilibrium, or relatively strain-free) con- 
ditions. In the case of the prerecrystallization-aged/ cold-rolled phosphor 
bronzes the strain-induced age hardening appears to be clearly due to precipita- 
tion. (The other cases may be either precipitation or order-disorder reactions). 
A rationalized picture, based on quantitative data, is presented in the accom- 
panying figure for strain-induced precipitation in the alpha tin-bronzes. 

These are the following points, relative to the diagram: 

1. T-O-C represents the conventional equilibrium diagram for the Cu-Sn 
system, Alpha range, at constant pressure of the atmosphere. 

2. P-P’ is the pressure axis for the 3-variable system of pressure, tem- 
perature and concentration described by the Phase Rule. For the solid state it 
is thus possible to use “+ pressure” for compressive strain and “— pressure” 
for strain in tension whereas, for gases and liquids, compression, or pressure 
on the system is the only rational concept. 

3. The amount of cold reduction can be plotted along the P-axis with 
90 per cent reduction at some point, D. 

4. The strain resulting from cold working is wholly relieved only by 





5**Role of Strain in Precipitation Reactions in Alloys,” loc. cit. 

*R. H. Harrington and R. G. Thompson, “The Precipitation Reaction in Cold-Rolled 
P-Bronze,’”’ Transactions, American Society for Metals, Vol. 28, 1940, p. 933-949, 

™R. H. Harrington and T. C. Jester, “The Precipitation Reaction in Aged Cold-Rolled 
Brasses,”” TRANSACTIONS, American Society for Metals, Vol. 30, 1942, p. 124-142. 

SR. H. Harrington and L. E. Cole, “The Precipitation Reaction in Aged Cold-Rolled 
Cd-Cu,” TRANSACTIONS, American Society for Metals, Vol. 31, 1943, p. 651-669. Inclusive 
of bibliographies and discussions therein. 
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complete recrystallization, say at about 300 degrees Cent. (570 degrees Fahr.). 
(The constant temperature plane O’ A’ B’ D’). 

5. Just as a solution quench for some systems will retain a metastable 
supersaturated solid solution at room temperature, and artificial aging at some 
elevated temperature, is necessary to permit the required atomic diffusion for 
precipitation, strain, induced by plastic deformation (either mechanical or 
thermal), may exert a similar effect. Thus, if a possible precipitation (or 
else an order-disorder) reaction will result in lattice contraction, a localized 
volume under compressive strain would favor such a reaction whereas localized 
strain in tension would oppose such a reaction. The reverse effects of strain 
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Fig. A—Possible Effect of Strain and Prerecrystalliza- 
tion Aging Relative to the Equilibrium Diagram for Solid 
Solutions. 


apply to a reaction that results in lattice expansion. For certain systems, rates 
of diffusion at room temperature would be too slow for any practical effect, 
whereas elevated temperature (below that resulting in recrystallization) and 
time at temperature could effect strain-induced precipitation. Thus, in the 
diagram (Fig. A), the shaded curved “solvus surface” delineates the surface 
of temperature below which strain induced precipitation may take place and 
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above which re-solution takes place previous to structural recrystallization. 
Time at temperature may be a most important factor. The intersection of this 
“solvus surface” with the 0 degree Cent. temperature plane, P-O-C, shows the 
effect of strain on the solid solubility of tin in the alpha phase. 

This diagram is submitted in very brief form only to illustrate the pos- 
sible effects of “pressures”, other than that of the atmosphere, on the equi- 
librium of the system. The same concept can be similarly applied to the solid 
solution phase of a “precipitation hardening system,” one that yields precipita- 
tion under atmospheric pressure. Thus, such strain, in localized strain gradient 
volumes, whether caused by cold working or quenching, could induce “super- 
normal” precipitation. To save space in this discussion, interested readers 
may refer to other sources® for greater detail and a wider analysis. 

F. N. Rurnes:” I should like to take issue with Dr. Harrington with 
regard to the matter of invoking the phase rule to explain quenching effects, 
because I think that the phase rule cannot be applied in a case of this kind 
for several fundamental reasons. In the first place, the phase rule was set up 
upon the assumption that such variables as mechanical stress and particle size 
should be omitted from consideration. Secondly, the phase rule is built upon 
the assumption that the system being described is in equilibrium. It seems to 
me obvious that a mechanically strained condition is not an equilibrium con- 
dition; it is at least possible to imagine that in time a strained condition would 
settle back into an unstrained condition if we could afford to wait long enough. 
This does not mean, of course, that strain would not change the solubility. 
It simply means that we ought not to talk about the effects of strain on the 
basis of equilibrium diagrams. 

I would like to differ with Dr. Fink also in his féeling that experiments 
conducted in the way described show that there is no effect of strain on 
solubility, because if the temperature is such that there is enough diffusion to 
bring about precipitation, it is hard to conceive that the internal stresses could 
also be maintained while precipitation was going on. I would rather see the 
question approached by using a condition whereby the strain was set up by 
something that could not diminish with time, such as the effect of grain size 
or the effect of embedded particles or something of that sort. 

Dr. Fink: My first remarks were not intended to indicate that it was 
impossible to get a change in solubility with pressure. I merely wanted to 
indicate that we had experimental evidence indicating that the effect of strain 
hardening is negligible in ordinary solubility determinations. I am not con- 
tending that very much higher pressures would not change the solubility. 

With respect to Dr. Rhines’ statements on the relieval of stress during 
the aging itself, it is true that there would be some recovery. In fact, we 
have made quite a number of measurements of relief of stress at temperature. 
If stress is plotted as ordinate and time as abscissa on a logarithmic scale, 
this type of curve is obtained (Fig. B). That is, initially the stress decreases 
along a straight line, then more slowly until a point is reached at which the 


**The Metallurgy of Modern Alloys,” a current_series of articles in Steel Processing 
(formerly Heat Treating and Forging), issues of Oct. and Nov., 1943, and Jan., Feb., 
March 1944, 


10Assistant professor, Department of Metallurgy, Carnegie Institute of Technology, 
Pittsburgh. 
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stress no longer changes. What we are determining, of course, in experiments 
involving long anneals, is the solubility of the solute in aluminum at the final 
constant stress rather than at the stress which was in the piece immediately 
after cold working. 


Author’s Closure 


The author deeply appreciates the discussions contributed by various 
individuals and particularly those by Dr. Fink and Dr. Rhines as most pertinent. 

It is worthwhile sometimes to “go pretty far” in order to bring out human 
reactions. We seldom have a chance to get together and the author took 
advantage to stir up something. Apparently he succeeded! 

One conclusion seems to be agreement that strain can alter the solid 
solubility. It is to be noted also that Dr. Fink uses the terms “strain” and 
“pressure” interchangeably. It also appears, from the diagram submitted by 
Dr. Fink, that all strain, induced by cold working in his researches on solid 
solubility, was not relieved by the aging treatments (not true anneals) but 
was reduced to a constant value. Hence the measured data indicated the solid 
solubility under “non-equilibrium” conditions in those instances wherein an 
appreciable quantity of strain persisted. 

Dr. Rhines takes issue on two points (a) that the phase rule cannot be 
applied to such variables as mechanical stress and particle size and (b) that 
the phase rule applies only to equilibrium and that a “mechanically” strained 
condition is not an equilibrium condition. 

In reply to Dr. Rhines: 

1. The author did not use the phase rule relative to particle size. How- 
ever, it is true that, if strain can alter solid solubility, variation in strain will 
affect the number of nuclei and may, thereby affect subsequent particle size 
until temperature and time at temperature are altered to completely eliminate 
the effect of strain. 

2. The author regards the strained lattice condition as comparable to 
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“pressure” on a gaseous system. This condition may result from mechanical 
forces, but, for this concept, the cause of the strain is no more important than 
the cause of other than atmospheric pressure on a gaseous system. One diffi- 
culty is that many words have multiple meanings. The engineering interpreta- 
tion of “strain” is an extension of material under applied mechanical force. 
Material that is strained by cold working or by quenching is constituted of a 
multiple of minute strain-gradient volumes, each of which may act as an 
individual pressure system, unaware of its neighbors as long as the strain- 
gradient volumes persist. In the author’s pressure, temperature, concentration 
diagram, the enclosed rectangular volume is inclusive of the effects of strain 
from plastic deformation by either cold working or by quenching. The range 
of strain so involved can be duplicated by hydrostatic pressure and it can be 
further extended only by some such externally maintained strain. 

3. As to the use of the word “equilibrium”, Marsh™ offers the following 
concept: “Thermodynamic equilibrium may be said to be absolutely stable 
(equivalent to the atmospheric pressure phase diagram) or stable with respect 
to infinitesimal displacements but less stable than another equilibrium (and 
frequently called ‘metastable’). Unstable equilibrium is seldom if ever realiz- 
able”. Thus we have the concept of equilibria other than that of the absolute. 
Strained lattice is not the condition for absolute equilibrium and Dr. Rhines is 
certainly correct on this point. However, we do know that a strained lattice 
may have a practical stability. The distinction between absolute equilibrium 
of the T-O-C diagram and the equilibria of the P-T-C space diagram may be 
made by terming the latter “metastable.” 

The research of Bridgman on the effect of high pressures (compression) 
on metals and alloys has not received the attention of metallurgists and extrapo- 
lation to practical applications that it merits. Thus equilibria for pure metals 
have been plotted as T-O-P diagrams and pressures in the range of 10,000 to 
20,000 atmospheres (147,000 to 294,000 pounds per square inch) induce allotropic 
modifications of metal lattices. The results, for instance, of Wilson’s study” 
of the effect of elevated pressures (80,000 to 120,000 pounds per square inch, 
hydrostatic) and temperatures (40 to 400 degrees Cent.) on 75-25 Alpha 
brass show that an ordered phase in Alpha brass was promoted by pressure. 
It seems probable that variation of solid solubility in aluminum-alloys of the 
normally precipitation hardening class would be a comparatively slight effect 
and might be induced by strains in the range 2000 to 4000 atmospheres. 

The author makes this presentation chiefly for the purpose of emphasizing 
the possibility of fostering real errors by too broad an application of the 
Metallurgists’ abrogated phase rule wherein “pressure” is assumed to be always 
constant at 14.7 pounds per square inch. 


11*Principles of Phase Diagrams,’ by J. S. Marsh, p. 14. 
2T. C. Wilson, Physical Review, Vol. 56, 1939, p. 598. 











THE VARIATION OF THE STRENGTH, RESISTANCE TO 
OXIDATION, AND ELECTRICAL CONDUCTIVITY 
OF METALS WITH TEMPERATURE 


By D. J. McApam, Jr. and G. W. GEIL 


Abstract 


Additional evidence is presented that the strength of 
metals varies linearly with temperature represented on 
Kelvin’s original thermodynamic scale. Diagrams de- 
rived from data presented in previous papers by the auth- 
ors show that the logarithm of the oxidation-time 1s lin- 
early related to temperature represented on the same scale. 
Data taken from the literature show that, on the same 
temperature scale, the logarithm of the electrical con- 
ductivity increases nearly linearly with decrease of tem- 
perature from the melting point down to the temperature 
of liquid air, and sometimes down nearly to the tempera- 
ture of liquid hydrogen. This evidence considered in con- 
nection with the theory of the interatomic forces suggests 
that the strength of metals continues to increase with de 
crease of temperature far below that of liquid air. 

The effect of temperature on electrical conductivity 
may be represented approximately by an equation of the 
same form as that representing the effect of temperature 
on the rate of oxidation 


INTRODUCTION 


RECENT paper by McAdam and Mebs (10)' discusses the 
variation of the strength of metals with temperature repre 
sented on a scale in which equal intervals correspond to equal thermo 
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reference to his second scale, which was proposed much later and 
is now in general use. Both scales are based on the principle of the 
Carnot cycle. According to the second law of thermodynamics, 
(Q, etic Q.)/Q; = (T, — T.)/T; 
where; Q, is the heat added to a system at temperature T, (on Kel- 
vin’s second scale) and Q, is the heat removed at a lower tempera- 
ture T,. The term on the left of the equation represents the thermo- 
dynamic efficiency, the fraction of the transferred heat theoretically 
available as mechanical work. The equation may also be written in 
the form 
A QO/Q = AT/T. 

On Kelvin’s first thermodynamic scale, equal temperature in- 
tervals correspond to equal thermodynamic efficiencies, and hence 
correspond to equal values of A T/T, that is, to equal values of d 
log T. To represent temperature on a scale with equal intervals 
corresponding to equal thermodynamic efficiencies, it is not necessary 
to use the system of numbers proposed by Kelvin. It is necessary 
merely to plot on a logarithmic scale numbers taken from Kelvin’s 
second scale. On this scale, consequently, temperature varies linearly 
with the logarithm of the volume of a perfect gas under constant 
pressure, and thus extends from —« to +o. 


As shown in the previous paper (10), the strength of metals 


varies linearly with temperature represented on this scale. The 


linear variation, however, probably is due to the influence of tem 
perature alone. Upon the linear variation is superposed any varia 
tions of strength due to structural changes, such as strain aging 
In the absence of such changes, the linear variation extends through- 
out a range at least from room temperature down to the temperature 
of hquid air (—188 degrees Cent.) 
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THE VARIATION OF THE STRENGTH, RESISTANCE TO 
OXIDATION, AND ELECTRICAL CONDUCTIVITY 
OF METALS WITH TEMPERATURE 


By D. J. McApam, Jr. and G. W. GEIL 


Abstract 


Additional evidence is presented that the strength of 
metals varies linearly with temperature represented on 
Kelvin’s original thermodynamic scale. - Diagrams de- 
rived from data presented in previous papers by the auth- 
ors show that the logarithm of the oxidation-time ts lin- 
early related to temperature represented on the same scale. 
Data taken from the literature show that, on the same 
temperature scale, the logarithm of the electrical con- 
ductivity increases nearly linearly with decrease of tem- 
perature from the melting point down to the temperature 
of liquid air, and sometimes down nearly to the tempera- 
ture of liquid hydrogen. This evidence considered in con- 
nection with the theory of the interatomic forces suggests 
that the strength of metals continues to increase with de- 
crease of temperature far below that of liquid air. 

The effect of temperature on electrical conductivity 
may be represented approximately by an equation of the 
same form as that representing the effect of temperature 
on the rate of oxidation. 


INTRODUCTION 


RECENT paper by McAdam and Mebs (10)? discusses: the 

variation of the strength of metals with temperature repre- 
sented on a scale in which equal intervals correspond to equal thermo- 
dynamic efficiencies. This scale is the same in principle as thé first 
of the two thermodynamic scales proposed by Kelvin (14). The 
principle of Kelvin’s first scale may be most easily explained with 
~~ ‘Phe figures appearing in parentheses pertain to the references appended to this paper. 


The views expressed in this paper are those of the authors, not of the National Bureau 
of Standards. 


Of the authors, D. J. McAdam, Jr., is metallurgist, and G. W. Geil is 
associate physicist, National Bureau of Standards, Washington, D. C. Manu- 
script received September 4, 1943. 
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reference to his second scale, which was proposed much later and 
is now in general use. Both scales are based on the principle of the 
Carnot cycle. According to the second law of thermodynamics, 
(Q, ao Q.)/Q; 5 (T, roe T,)/T, 

where: Q, is the heat added to a system at temperature T, (on Kel- 
vin’s second scale) and Q, is the heat removed at a lower tempera- 
ture T,. The term on the left of the equation represents the thermo- 
dynamic efficiency, the fraction of the transferred heat theoretically 
available as mechanical work. The equation may also be written in 
the form 


A Q/Q = AT/T. 

On Kelvin’s first thermodynamic scale, equal temperature in- 
tervals correspond to equal thermodynamic efficiencies, and hence 
correspond to equal values of A T/T, that is, to equal values of d 
log T. To represent temperature on a scale with equal intervals 
corresponding to equal thermodynamic efficiencies, it is not necessary 
to use the system of numbers proposed by Kelvin. It is necessary 
merely to plot on a logarithmic scale numbers taken from Kelvin’s 
second scale. On this scale, consequently, temperature varies linearly 
with the logarithm of the volume of a perfect gas pinder constant 
pressure, and thus extends from —o to +o. 

As shown in the previous paper (10), the strength of metals 
varies linearly with temperature represented on this scale. The 
linear variation, however, probably is due to the influence of tem- 
perature alone. Upon the linear variation is superposed any varia- 
tions of strength due to structural changes, such as strain aging. 
In the absence of such changes, the linear variation extends through- 
out a range at least from room temperature down to the temperature 
of liquid air (—188 degrees Cent.). 

The evident advantages in the use of this scale in a study of the 
variation of mechanical properties with temperature suggested that 
the scale may be of value in a study of the variation of some physical 
and physico-chemical properties. For this purpose, curves of varia- 
tion of atomic heat and total heat with temperature were included 
in the previous paper (10). These curves, however, show no signifi- 
cant correlation with the straight lines representing the variation 
of strength of metals with temperature represented on the principle 
of Kelvin’s original scale. 

The present paper presents results of additional study of the 
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variation of the strength of metals with temperature represented on 
this scale. The diagrams illustrating this variation are derived from 
data presented in the previous paper (10) and partly from the re- 
sults of additional experiments. Attention is then given to the vari- 
ation of the resistance of metals to oxidation at elevated tempera- 
tures. The diagrams illustrating this variation are derived from data 
in two previous papers by the authors (7, 8), but the diagrams 
have been modified so as to reveal the variation of resistance to oxi- 
dation with temperature represented in a scale of equal thermody- 
namic efficiencies. This relationship was not perceived at the time 
of publication of the two previous papers (7, 8). The paper then 
discusses the variation of electrical conductivity with temperature 
represented on this scale. The data on electrical conductivity were 
obtained by a survey of the literature. 


THE VARIATION OF THE STRENGTH OF METALS WITH TEMPERATURE 


The investigation described in the previous paper (10) involved 
tension tests of notched and unnotched specimens at various temper- 
atures. By the use of notched specimens a study was made of the 
influence of temperature and of the combination of principal stresses 
on the yield stress, ultimate stress, technical cohesion limit, and duc- 
tility. In this paper, attention will be given to strength indices ob- 
tained by tension tests of unnotched specimens. Tests of each metal 
were made at room temperature, in a mixture of carbon tetrachloride 
and chloroform cooled by solid CO, (—78 degrees Cent.), and in 
liquid air (—188 degrees Cent.). Some tests were made at 100 de- 
grees or higher, and some were made at —110 to —128 degrees Cent. 
by use of the compound CCI,F, cooled by liquid air. Details of. the 
testing procedure are given in the previous paper (10). 

To avoid local elevation of the temperature during plastic exten- 
sion, the tensile load was applied more slowly than is usual in a 
tension test. Avoidance of local heating during a test at low tem- 
perature is important because work hardening increases with de- 
crease in the temperature. Satisfactory results, therefore, cannot be 
obtained by loading rapidly at first and then decreasing the rate be- 
fore the load reaches the maximum. 

Some results of the investigation are shown in Figs. 1 and 2. 
The strength indices represented are the yield stress, ultimate stress, 
and “true” breaking stress. Temperature is represented on the pre- 
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Fig. 1—Variation of the Strength of Monel Metal 
and Brass with Temperature. 


viously mentioned scale. In future reference to temperature with- 
out. qualification, it will be implied that temperature is expressed in 
terms of this scale. 

Bigs. 1A and 2B show results obtained with monel metal and 
oxygen-free copper. The data here shown are reproduced from Figs. 
19A and 20, respectively, of the previous paper (10), but the tem- 
perature ranges have been extended so as to include the melting 
points of these metals. Throughout a range extending from —188 
degrees Cent. (85°K) to room temperature (about 300°K) or 
higher, the ultimate stress of each of these metals, either in the cold 
drawn or in the fully annealed condition, varies linearly with the 
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Fig. 2—Variation of the Strength of Phosphor 
Bronze and Copper with Temperature. 


temperature. / The exactness of this linear relationship is remarkable. 
In many tests made after discovery of the relationship, values of the 
ultimate stress were predicted accurately (frequently within about 
0.5 per cent) either by long extrapolation downward to —188 de- 
grees Cent. or by interpolation between the extremes of the tem- 
perature range. The yield stress of the monel metal (Fig. 1A) also 
varies linearly throughout the range between —188 and +100 de- 
grees Cent. Moreover, the breaking stress values for both annealed 
and cold-drawn monel metal can be represented by a single line, 
which is practically straight between —188 degrees Cent. and room 
temperature. For the oxygen-free copper, the breaking stress can 
be determined only by indirect’ methods because of the delayed 
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progress of the fracture from the center to the circumference of 
the cross section (9). The evidence, however, seems to indicate 
that a single line can be used to represent the variation of the true 
breaking stress with temperature (Fig. 2B). 

For the annealed copper (Fig. 2B), the linear relationship per- 
sists at least to 165 degrees Cent. For severely cold-rolled copper, 
however, softening evidently begins not far above 100 degrees Cent. 
For monel metal, the variation of the ultimate stress and yield stress 
becomes curvilinear with increase in the temperature above 100 de- 
grees Cent. The breaking stress of both annealed and cold-drawn 
monel metal varies curvilinearly above room temperature. The 
evidence indicates that not far above room temperature the strength 
of monel metal is influenced by an elevating factor which is super- 
posed on the variation of the strength due to temperature alone. This 
elevating factor is strain aging. Although strain aging is most promi- 
nent in low carbon steels, it influences the properties of many non- 
ferrous metals. As shown in the previous paper (10), strain aging 
evidently has considerable effect on the properties of nickel and even 
of high purity aluminum. The strength of these two metals varies 
linearly with temperature from —188 degrees Cent. to above the 
temperature of solid CO, (—78 degrees Cent.). With further in- 
crease in temperature, however, a curvilinear relationship begins, 
which is qualitatively similar to that shown in the curves for annealed 
monel metal (Fig. 1). Strain aging evidently becomes appreciable 
at much lower temperatures for these metals than for monel metal. 

Fig. 1B shows results of experiments with brass in two degrees 
of hardness caused by annealing cold-worked brass at two different 
temperatures, 370 and 650 degrees Cent. (700 and 1200 degrees 
Fahr.). Annealing at 370 degrees Cent. (700 degrees Fahr.) caused 
only partial softening; for full annealing, the higher temperature 
was required. The variation of the strength of the brass with tem- 
perature probably is linear from —188 degrees Cent. to about —78 
degrees Cent.; above —78 degrees Cent., a curved relationship be- 
gins because of strain aging. (That brass is subject to strain aging 
has been shown by Broniewski and Wesolowski (1) and by others. 

Fig. 2A shows results obtained with phosphor bronze. Results 
obtained with the cold-drawn alloy are reproduced from Fig. 23 of 
the previous paper (10); the diagram for the annealed alloy is the 
result of more recent experiments. With the cold-drawn alloy, an 
exactly linear relationship was found for both the ultimate stress and 
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the breaking stress between —188 degrees Cent. and room tempera- 
ture. Above room temperature, a curved relationship begins because 

of strain aging. With the annealed alloy, an approximately linear 

relationship was found for ultimate stress and yield stress between 

—188 degrees Cent. and room temperature. The breaking stress, 

however, shows a curved relationship beginning at about —78 de- 

grees Cent. It is probable, therefore, that a slight effect of strain 

aging becomes perceptible even for the yield stress and ultimate stress 

at some temperature between —78 degrees Cent. and room tempera- 

ture, and thus causes a slight curvature within this range. 

In the previous paper (10) evidence was presented to show the 
effect of temperature on the ultimate stress and breaking stress of 
heat treated 0.2 per cent carbon steel and of a heat treated 3 1/2T 
nickel steel (S.A.E. 2330). An exactly linear relationship was 
found for the ultimate stress of each of these steels between —188 
degrees Cent. and room temperature. The breaking stress of the 
carbon steel also varied nearly linearly throughout the same tempera- 
ture range, and the breaking stress of the nickel steel varied linearly 
between room temperature and —128 degrees Cent. Above room 
temperature, the ultimate stress of the nickel steel showed the elevat- 
ing effect of strain aging. For notched specimens also, the ultimate 
stress was found to vary linearly throughout the range from —188 
degrees Cent. to room temperature; this relationship was found with 
monel metal, copper, and 13:2 chromium-nickel steel (10). 

The evidence suggests that the resistance of metals to plastic 
deformation, as expressed by either the yield stress or ultimate stress, 
varies linearly. with temperature (on this scale) throughout a range 
from —188 degrees Cent. to room temperature or higher, provided 
that this relationship is not masked by the influence of structural 
changes such as strain aging. The technical cohesive strength also 
varies nearly, if not quite, linearly throughout the same temperature 
range.” This is shown by results obtained with notched specimens 
(10), and is suggested also by the linear variation of the breaking 
stress of unnotched specimens of some metals. 

Speculation about the slopes of the straight portions of the lines 
of variation of strength with temperature led to the surmise that pro- 


2As shown in the previous paper (10), the variation of the breaking stress of an un- 
notched specimen with temperature is due not only to the influence of temperature on the 
technical cohesive strengh, bat also to the influence of temperature on three other variables: 
(a) the total plastic deformation (ductility), (b) the radial stress induced by the notch ef- 
fect of the local contraction, and (c) the rate of work hardening during the ‘tension test. 




















1944 ELECTRICAL CONDUCTIVITY OF METALS 521 


longations of these portions would be significantly related to the melt- 
ing point of the metal. For this reason, the temperature range has 
been extended in Figs. 1 and 2 so as to include the melting points. 
The straight portions of the lines representing ultimate stress and 
breaking stress, if prolonged, would pass considerably above a point 
representing zero stress at the melting point. A similar relationship 
is found for lines representing the yield stress for cold-worked metal.® 
A different relationship, however, is found for the lines representing 
the yield stresses of annealed monel metal, annealed brass, and an- 
nealed phosphor bronze. Prolongations of the straight portions of 
these lines pass nearly, if not exactly, through the points represent- 
ing zero stress at the melting point. For annealed copper (Fig. 2), 
line Y representing the yield stress as determined from an automatic 
diagram passes above the point representing zero stress at the melt- 
ing point. These stresses, however, are far above the stress at which 
plastic deformation begins. Plastic deformation of 0.02 per cent is 
induced by a stress of only 5500 pounds per square inch at room 
temperature. Line Y’, drawn parallel to Y through the point rep- 
resenting this stress at room temperature, passes through the point 
representing zero stress at the melting point. The evidence thus sug- 
gests that, if plastic deformation of about 0.02 per cent is taken as a 
criterion for yield, the position of the melting point may determine 
the slope of the line representing yield of an annealed metal. 

The actual course of a curve of variation of yield stress, ultimate 
stress or breaking stress between room temperature and the melting 
point, however, generally is not determined by the slope of the 
straight portion. The actual course is influenced not only by any 
strain aging that may occur within this temperature range, but also 
by another factor, the rate of plastic deformation. Throughout the 
range from —188 degrees Cent. to room temperature, the influence 
of the rate of deformation on the strength indices generally is slight.‘ 
With increase above room temperature, however, the influence of the 
rate of deformation becomes increasingly important. The variation 
of the resistance to plastic deformation within this range of tem- 
perature, therefore, cannot be represented by a single line, but must 
be represented by a series of lines, each corresponding to a specific 
rate of deformation. In Figs. 1 and 2, broken lines have been added 





8The yield stress line for a severely cold-worked metal would be not far below the 
ultimate stress line. 


‘This statement does not apply to metals with low melting point, such as lead and tin. 
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to represent qualitatively the variation of the strength indices for a 
rate of deformation that is very high with reference to that of a 
creep test, but is not far from the rate generally used in an ordinary 
tension test. 








THE VARIATION OF THE RESISTANCE OF METALS TO 
OXIDATION WITH TEMPERATURE 










Two previous papers by the authors discuss the influence of tem- 
perature and time on the resistance of metals to oxidation (7, 8). 
The resistance to oxidation is evaluated in terms of the times re- 
quired for the oxide film to reach various definite thicknesses, which 
are indicated by interference colors. Diagrams of one of the three 
types presented show the relation between temperature and oxida- 
tion time for various constant interference colors (constant film 
thicknesses). Although temperature was then represented in terms 
of the logarithm of degrees K, the essential identity between this 
scale and Kelvin’s original thermodynamic scale was not realized, 
and this identity was obscured by the logarithmic plotting of values 
of the tenth power of the number of degrees K. In this paper, data 
obtained with a number of metals have been replotted so as to show 
the relation between oxidation time and temperature represented on 
the principle of Kelvin’s original thermodynamic scale. 

Colors of oxide films are caused by interference between rays of 
light reflected from the inner and outer surfaces of the film. The 
coincidence of two waves differing in phase by 180 degrees causes 
the disappearance of light of a certain wave-length; if the incident 
light is “white”, therefore, the reflected light is of the correspond- 
ing complementary color. Interference occurs when the film thick- 
ness is an odd multiple of. one-fourth the wave-length of a compo- 
nent of the incident ‘light. Interference, however, is determined by 
the wave-length in the film, not by the wave-length in air. The 
index of refraction, therefore, is a faetor involved in the relation 
between wave-length, film thickness, and interference color. 

As the film thickness increases, a light straw color appears first, 
and the color then changes gradually through reddish brown and 
purple to blue. With most metals, the series of colors is then re- 
peated, and with some metals, third and even fourth order colors 
may be obtained. In the two previous papers (7, 8), a study is thus 
made of the rate of oxidation of steels and typical non-ferrous metals 
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as affected by composition, temperature, oxidation time, and film 
thickness. The results are presented in diagrams of three types. 
The first type shows the relation between temperature and oxidation 
time, for constant interference colors (constant film thicknesses). 
The second type shows the relation between oxidation time and film 
thickness for constant temperatures. The third type shows the rela- 
tion between temperature and film thickness, for constant oxidation 
times. In the present paper, however, attention will be confined to 
diagrams of the first type, which are designed to reveal the relation 


between oxidation time and temperature. These diagrams are shown 
in Figs. 3 and 4. 


9 100 200 300 400 500 1000 1500 2000 DEG.F 


TIME, MINUTES 





Ql 
DEG.K. 300 400 500 600 700 ©6800 9300 1000 1200 1500 
dt tt st st tt 
DEG.C. SO 100 200 300 400 $00 600 800 1000 1200 
TEMPERATURE 


Fig. 3—Influence of Temperature on the Oxidation Time of Various Metals. 


Temperatures are represented on a scale of equal thermody- 
namic efficiencies, and consequently in terms of logarithms of num- 
bers of degrees K. Oxidation times also are represented on a log- 
arithmic scale. To give a convenient slope to the lines representing 
the relation between temperature and oxidation time, the abscissa 
scale has been made 50 times the ordinate scale. This expedient is 
believed to be better than the one used in the previous papers, namely, 
plotting oxidation times against the tenth power of the temperatures 
(in degrees K). 

Each diagram representing the resistance of a metal to oxida- 
tion consists of a number of lines, each showing the relation between 
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temperature and oxidation time for the indicated interference color. 
Each of these lines is straight. That this linear relationship is exact 
is well established in the original papers (7, 8) by numerous experi- 
ments covering wide ranges of temperature and oxidation time. The 
solid portions of the lines in Figs. 3 and 4 are the portions established 
by experiment; the broken portions are mere prolongations of the 
established lines. The lines show an exactly linear relationship be- 
tween the logarithm of the oxidation time (for constant film thick- 
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Fig. 4—Influence of Temperature on the Oxidation Time of Various Metals. 


ness) and temperature represented on the principle of Kelvin’s orig- 
inal scale. If temperature be represented in degrees K, however, 
the oxidation time varies inversely, and the mean rate of oxidation 
varies directly as a power of the temperature. This relationship may 
be derived from the equation: 

log t, — log t, — n (log T, — log T,), where log t,, log T,, 
log t, and T, represent the co-ordinates of two points on a straight 
line (Figs. 3 and 4), and “n” represents the cotangent of the angle 
of slope, with due allowance for the difference in scales. This equa- 
tion may be changed to the form: 

t,/t, = (T,/T.)", which shows that the oxidation time (for 
constant film thickness) varies inversely as the nth power of the 
temperature in degrees K. The mean rate of oxidation, because 
it is proportional to the reciprocal of the oxidation time, varies di- 
rectly as the nth power of the temperature in degrees K. 
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The evidence presented thus far shows linear variation of in- 
dices of two properties of metals with temperature represented on 
this scale. These indices are strength and the logarithm of the mean 
rate of oxidation. These variations will be discussed further after 
the presentation of evidence for an approximately linear variation 
of the logarithm of a third property with temperature represented 
on the same scale. 


THE VARIATION OF THE IXLECTRICAL CONDUCTIVITY 
oF METALS WITH TEMPERATURE 


Handbooks and other compilations generally give values of elec- 
trical resistance rather than values of conductivity. The values are 
generally given in tabular form and there are few curves of varia- 
tion of either conductivity or resistance. Moreover, the generaliza- 
tions made about the influence of temperature on electrical resistance 
frequently are inaccurate or incorrect. The authors, therefore, have 
made a search of the literature in order to assemble data on the 
influence of temperature on the electrical conductivity of many of 
the metallic elements and some alloys. Use has been made of the 
International Critical Tables (6), the Handbook of Chemistry and 
Physics (5), Landolt and Bornstein (11), etc. Considerable data, 
however, have been obtained from original publications. Results 
have been assembled in Figs. 5 to 12; the sources of the information 
have been indicated by means of the special symbols. 

Brief attention will be given first to the variation of conductivity 
with temperature represented on the usual Kelvin scale. Typical 
curves on this scale are shown in Fig. 5. Because of the wide range 
of values of conductivity, these values are plotted on a logarithmic 
scale. Even on this scale of ordinates, the curves become so steep 
at low temperatures that they do not give a clear view of the varia- 
tion of conductivity with temperature. The accelerated rise of these 
curves with decrease of temperature, however, is qualitatively similar 
to the rise of curves of variation of the strength of metals, when 
plotted on this scale (10). 

Figs. 6 to 12 show the variation of the electrical conductivity of 
a number of metals and alloys with temperature. The curves in each 
figure have generally been placed on separate abscissa scales, which 
are indicated by numbers adjacent to each curve. Abscissas are 
logarithms of degrees K; ordinates are logarithms of electrical con- 
ductivities. 








526 TRANSACTIONS OF THE A. S. M. Vol. 33 


The curves are grouped in accordance with the periodic system 
of the elements. The distribution is as follows: Figs. 6 and 7, the 
two subdivisions of Group I; Fig. 8, Group II; Fig. 9, Groups III 
and IV; Fig. 10, Groups V and VI; Figs. 11 and 12, Group VIII. 
Curves for alloys are shown in Figs. 7, 11, and 12. 

The graphs generally are approximately® straight throughout a 
temperature range from the melting point of the metal at least down 
to the boiling point of liquid air (—188 degrees Cent., 85°K), and 
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Fig. 5—Variation of Electrical Conductivity with Temperature. 


sometimes down almost to the boiling point of liquid hydrogen 
(20.5°K). Some of the graphs then turn abruptly to the left and 
become practically horizontal. Such is the form of the graphs for 
lithium, potassium, rubidium, and cesium (Fig. 6), for beryllium and 
magnesium (Fig. 8), for indium (Fig. 9), for bismuth and molyb- 
denum (Fig. 10), and for iron, cobalt, and nickel (Fig. 11). Some 
graphs, however, curve abruptly upward to a much higher level, and 
then become practically horizontal. Such is the form of the graph 
for sodium (Fig. 6), the graphs for zinc and cadmium (Fig. 8), 
for tin and lead (Fig. 9), for tungsten (Fig. 10), and for palladium, 
rhodium and platinum (Fig. 12). 

The course of a graph at temperatures below the nearly straight 
portion, however, depends considerably on the purity of the metal. 





aie 5For platinum and copper, the use of ‘the term “approximately” possibly is not justifi- 
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As shown in Fig. 7, the graphs for high purity copper and gold turn 
upward to a much higher level, whereas the graphs for the less 
pure copper and gold turn to the left and become practically hori- 
zontal. A similar difference in purity probably is the cause of the 
difference between the graph for sodium and the graphs for the other 
metals of that group (Fig. 6). The graph for high purity iron, 
however, remains practically straight down almost to the tempera- 
ture of liquid hydrogen, then abruptly ceases to rise. It is uncertain 
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Fig. 6—Variation of Electrical Conductivity of the Alkali Metals with Temperature. 


whether a graph for iron of still higher purity would eventually turn 
upward. Moreover, it is uncertain whether or not the curve for 
every metal of sufficient purity would be similar in form to the curve 
for sodium (Fig. 6). 

A curve of this type does not necessarily imply that the metal 
will become superconducting® at sufficiently low temperature. Of the 
metals represented in Figs. 6 to 12, only zinc, cadmium, aluminum, 
indium, thallium, tin, and lead have proved to be superconducting. 

Although the variation of electrical conductivity of metals with 
temperature generally can be represented approximately by straight 
lines such as those shown in Figs. 6 to 12, this variation generally 
is not exactly linear. For a few metals, such as silver, the relation- 
ship may be represented with considerable accuracy by a straight 





®Superconductivity manifests itself by a nearly vertical rise of the curve at a certain 
temperature, and an abrupt drop at a slightly lower temperature. 
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line, on this scale. For most metals, however, the relationship is less 
simple, and an exact representation requires an equation with three 
or more terms. If the relationship were exactly linear, it could be 
represented by the equation C,/C, — (T,/T,)", where C, is the 
electrical conductivity at temperature T, (in degrees K), C, is the 
conductivity at a higher temperature T., and “n”’ is the slope of the 
graph. The electrical conductivity, babaibinge a melting point and 
the lower limit of the linear relationship, would thus vary inversely 
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Fig. 7—Influence of Temperature on the Electrical Conductivity of Copper, Silver, 
Gold and Some of Their Alloys. 


as a power (n) of the temperature in degrees K.* Values of “n 
for the metals represented in Figs. 6 to 12 are listed in Table I. 
The value ranges from a small fraction for many alloys to nearly 2.0 
for iton, cobalt, and nickel (Fig. 11). For many of the metals, 
‘‘n” is only slightly greater than 1.0; the electrical resistance of these 
a, (throughout this temperature range) thus varies nearly lin- 
early with T. For iron, cobalt, and nickel, however, the electrical 
resistance varies nearly as T’. 


GENERAL DISCUSSION OF THE VARIATION OF THE STRENGTH OF 
METALS, THE RATE OF OXIDATION, AND THE ELECTRICAL 
CONDUCTIVITY WITH TEMPERATURE 


For many physical and chemical reactions, investigators have 
found a linear relationship between the logarithm of the index of the 


7If temperature is measured on a scale of equal thermodynamic efficiencies, the rela- 
tionship would be represented by C = e-"1, where “L” is the temperature on ‘this scale. 
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Table I 
Indices of Variation of Electrical Resistance with Temperature 
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property and the reciprocal of the temperature expressed in degrees 
K. Reported examples of such properties are: the equilibrium 
constant of a chemical reaction, the coefficient of viscosity of glass, 
and the rate of diffusion of metals into each other. The theoretical 
basis for such a relationship is Boltzmann’s conception of the prob- 
ability of occurrence of a physical phenomenon. On this basis, 
Becker developed a dynamic theory of the flow of metals and their 
resistance to plastic deformation. According to his equation, U = 
C-e—V (S — s)*/2GkT, where U is the velocity of flow, V is a constant 
involving the modulus of elasticity, G is the shear modulus, C and 
k are constants, T is temperature in degrees K, S is the theoretical 
shearing stress, and s is the actual resolved shearing stress. From 
this equation, Orowan derived the following equation to represent 
the variation of the shearing stress with temperature. o = o, — 


B\/T, where B is a constant, o is the shearing stress at temperature 
T, and o, is the shearing yield stress at absolute zero. According 
to this equation, the resistance of metals would be represented by a 
parabola starting from a finite ordinate at absolute zero. ‘However, 
the actual variation of the strength of metals, as represented in Figs. 
1 and 2, is very different. The straight sloping lines in these figures 
would not yield parabolas if transferred to Kelvin’s second scale. 
This correlation between the strength of metals and electrical 
conductivity appears to be of both theoretical and practical impor- 
tance. According to the theory, both the forces of interatomic co- 
hesion and the electrical conductivity are referable to the influence 
of the quasi-free electrons. The cohesion of the atoms of the space 
lattice is thought to be due to the attraction of the atoms for the 
electron “gas”, and the electrical conductivity is due to the mobility 
of the electrons under the influence of an electromotive force. How- 
ever, a comparison of the slopes of the lines of variation of strength 
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4 8—Influence of Temperature on the Electrical Conductivity of Metals of 
Group I. 
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Fig. 9—Influence of Temperature on the Electrical Conductivity of Metals of 
Oisear” III and IV 





with the lines of variation of electrical conductivity (Figs. 6 to 12 
and Table II) gives no basis for a supposition that the cohesive 
forces are a direct function of the electrical conductivity. Although 
the electrical conductivities of constantan, manganin, and aluminum 
bronze rise very little with decrease of temperature (Fig. 7), there 
is no reason to believe that the strength of these alloys rises much 
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Table Il 
Indices of Variation of Electrical Conductivity with Temperature 
Alloy n 
Copper with 1.68% Ag .............00- 1.20 
OS rare 0.015 
I sw oo kes bud awecscevcees 0.033 
eee GED Lk vc eke pecs vende 0.12 
Se RM MAM. ss oe ac oo 5 000 ww 1.00 
ee EE no co bad oa Koo 0.0. 8006 1.74 
NS a eee 1.56 
CE ia og sso Ree Keb OG a wawewe 0.24 
EE CE a. os os ee de Roan aso ees 1.30 
i Ss. 2 ns 6 cs Vee oe ys utube 0.32 
EES ¢ Wivic ws KaGhack Wives 6 6:0 5:4 ees 0.16 





1Electrical resistance alloy, Manganin. 
2Electrical resistance alloy, Constantan. 
3Alloy used in resistance thermometry. 
‘Thermocouple alloys. 
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less rapidly than the strength of monel metal, copper or nickel (10). 
Moreover, although the electrical conductivity of the 25:75 nickel- 
iron alloy (Fig. 11) and of the platinum alloys (Fig. 12) rises very 
slowly with decrease of temperature, the strength of these alloys 
probably rises much more rapidly. 

The evidence, therefore, indicates that, although the strength of 
any given metal varies nearly linearly with the logarithm of its con- 
ductivity, the variation of the conductivity is not a quantitative index 
of the variation of the strength of that metal with temperature. More- 
over, the relative strength of two metals at the same temperature 
cannot be deduced from a comparison of their electrical conductivi- 
ties. 

Two important factors tending to decrease electrical conductiv- 
ity are: (a) space lattice distortion due to atoms of an alloying 
element, and (b) the thermal oscillations of the atoms. The increase 
of electrical conductivity with decrease of temperature is thought to 
be due chiefly to the decrease of the thermal oscillations. The in- 
crease in the interatomic cohesion with decrease in'temperature, how- 
ever, may be due chiefly to an increase in the frequency of inter- 
change of electrons between adjacent atoms of the space lattice. Ac- 
cording to theory (3), the cohesive force between the atoms of a 
molecule or between adjacent atoms of a space lattice depends largely 
on the frequency of the interchange of electrons between adjacent 
atoms. The frequency (v) is proportional to the latent heat of 
evaporation (L). It appears possible that vy and L (like the log- 
arithm of the electrical conductivity) increase linearly with decrease 
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Fig. 10—Influence of Temperature on the Electrical Conductivity of Metals of 
Groups V and VI. 
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Fig. 11—Influence of Temperature on the Electrical Conductivity of Iron, Co- 
balt and Nickel. 


of temperature, on a scale of equal thermodynamic efficiencies. If 
so, v (for any given metal) would vary nearly linearly with log C. 
This subject, however, needs much additional investigation. 

The generally continued increase in electrical conductivity with 
decrease in temperature below that of liquid air adds support to the 





1944 ELECTRICAL CONDUCTIVITY OF METALS 533 


view that the strength of metals generally continues to increase with 
further decrease of temperature. It is uncertain, however, whether 
the steep upturn of some of the curves of electrical conductivity is 
associated with a similar rise of the strength of these metals. There 
is need for an investigation to determine whether or not the linear 
variation of the strength of metals continues down to the tempera- 
ture of liquid hydrogen. 
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Fig. 12—Influence of Temperature on the Electrical Conductivity of Platinum 
Metals. 
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Oxidation of a metal, after the first adherent film of oxide has 
formed, proceeds by movement of ions and electrons through the 
film (7, 8). The film consists of a space lattice of electropositive 
metal ions and electronegative oxygen ions. During oxidation, metal 
ions and an equivalent number of electrons leave the metal, enter the 
film, and move outward toward the film-gas interface. The oxygen 
ions in the film, however, are too large to diffuse inward, because 
each oxygen atom has acquired two electrons on taking its place in 
the film. The growth of the film, therefore, consists chiefly in the 
meeting of oxygen ions and outwardly diffused metal ions at the 
film-gas interface. 

The oxidation of a metal, therefore, involves electrical con- 
ductance, and the rate of oxidation depends in part on the electrical 
conductivity of the film. The evidence presented indicates that the 
effect of temperature on this electrochemical reaction may be repre- 
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sented by an equation of the same form as that representing approxi- 
mately the influence of temperature on the electrical conductivity of 
a metal. For the rate of oxidation of a metal, however, the linear 
relationship with temperature (on this scale) is exact; for electrical 
conductivity, the relationship generally is only approximate. 
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ARC WELDING OF ALLOY STEELS 


By S. A. HERREs 


Abstract 


Factors influencing the formation of cracks in the 
heat-affected zone of arc welded alloy steels were in- 
vestigated. Root cracks (base metal cracks parallel and 
very close to the fusion zone) occur only when the weld 
heating and quenching cycle produces a martensitic type 
structure in the base metal immediately adjacent to the 
fusion line. They are observed only when moisture or 
hydrogen containing organic compounds are present in 
the welding atmosphere or electrode coating. Root cracks 
may be explained by assuming that stresses sufficient to 
cause the weld-hardened structure (already subject to 
thermal contraction and martensitic transformation 
stresses) to crack are contributed by precipitation of hydro- 
gen which has dissolved in the weld metal and diffused 
into the weld heat-affected zone of the base metal during 
the welding cycle. Other types of base metal cracks are 
discussed. 

Preheating the base metal prevents base metal crack- 
ing by slowing down the weld quenching rate, producing 
a more ductile heat-affected zone structure, relieving ther- 
mal contraction and martensitic transformation stresses, 
and permitting more opportunity for dissipation of 
trapped hydrogen. 

Base metal cracks produced by welding process 
greatly accelerate failure of production weldments under 
shock, repeated high stress, or fatigue service loading. 


N the United States, arc welding of plain carbon structural steels 

was developed as a process of general importance during World 
War I. Since mechanical tests did not indicate any marked superi- 
ority in the quality of welds deposited with the fluxed electrodes of 
the time over welds made with bare electrodes, the practice of Euro- 
pean countries in welding with fluxed electrodes was not followed. 
Welding equipment was modified to give a stable arc without use of 


The statements or opinions expressed in this article are to be considered those of the 
author and do not necessarily express the views of the Ordnance Department. 
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fluxes, other than a superficial oxide coating, and a system of welding 
with bare electrodes was evolved and used almost exclusively for 
many years. 

Bare electrode welding, while satisfactory for many purposes, 
results in a weld deposit with very low ductility and consequently 
slight resistance to shock loading. Development of electrode coatings 
containing combustible cellulosic matter, which surrounds the arc 
with a reducing atmosphere, as well as slag forming oxides, which 
protect the weld deposit during solidification and cooling, permitted 
deposition of weld metal with greatly increased ductility and shock 
resistance. Furthermore, the benefits of welding at greater speeds 
and in all positions were obtained. Arc welding application was 
thereby increased to include most low alloy steel structures where 
the steels are used in the as-rolled or normalized condition or after a 
subcritical stress relieving anneal (for machining and service sta- 
bility). However, this process has been limited by the formation of 
a hard brittle martensitic zone adjacent to the weld wherein cracks 
very frequently occur during welding (1). Thus, wherever the base 
metal contained sufficient alloy to form a martensitic area during the 
weld quenching cycle, a preheat of 300 to 500 degrees Fahr. (150 to 
260 degrees Cent.) (2) was specified if the weld-affected base metal 
was to be free from cracks. Further, a post heat treatment at 1100 
to 1200 degrees Fahr. (595 to 650 degrees Cent.) was considered 
desirable in order to temper the martensitic base metal zone and at 
the same time to relieve the thermal contraction stresses across the 
joint. In some instances, high alloy steels were welded with preheat 
to prevent formation of cracks during welding and the welded struc- 
ture was given a full heat treatment. This practice is satisfactory pro- 
vided that the weld metal is of suitable composition to develop similar 
properties to the base metal during heat treatment. 

In very recent years, and particularly since this country became 
involved in World War II, American Industry has been called upon 
to apply the arc welding process to fabrication of alloy steel struc- 
tures which must have considerable strength and resistance to impact 
loading. Steels which are commercially heat treated in heavy and 
sometimes complex sections must be used. Preheating and/or heat 
treatment after welding is often impractical. 

A welding process which is applicable to heat treated, high 
hardenability steels without use of preheat or post heat treatment 





1The figures appearing in parentheses refer to the bibliography appended to this paper. 
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and which results in a weld deposit of suitable strength and shock 
loading resistance was therefore required. This was accomplished 
through use of mineral coated austenitic electrodes of the modified 
18 per cent chromium, 8 per cent nickel or 25 per cent chromium, 
12 per cent nickel types. While a martensitic weld quenched zone is 
developed in the base metal on the first pass, base metal cracks do 
not ordinarily form during welding and the zone is tempered some- 
what when later passes are deposited in a multiple layer weld. The 
weld metal deposit has the properties of reasonably high yield 
strength (measured at ordinary offset) and excellent ductility at any 
rate of strain. 

Because of the obvious importance of base metal cracks which 
occur during or soon after welding on the performance of alloy 
steel weldments, and because existing theories did not entirely explain 
the facts, an investigation of the factors influencing formation of 
these cracks was undertaken at the Watertown Arsenal Laboratory. 


Test PROCEDURE 


Weld bead deposits for the tests herein reported were laid down 
with a stick feed, automatic travel, and electrode feed welding ma- 
chine. Direct current, reversed polarity, and a standard travel speed 
of 5 inches per minute was used for all tests. Details of test method 
and-welding procedures are given in connection with the individual 
tests. 


DATA AND DISCUSSION 


Examination of sections taken through single bead deposits on 
alloy structural steels of various thicknesses indicate that several dif- 
ferent types of cracks may occur in the heat-affected base metal adja- 
cent to a weld deposit. The three most commonly observed types of 
hard cracks are root cracks, toe cracks, and vertical ¢racks as illus- 
trated in Figs. 1A, I B, and IC, respectively. 

Fig. 2 is an attempt to list all possible factors which might in- 
fluence susceptibility of a given base metal to hard cracking. 

The weld bead hardness test frequently has been proposed (3) 
as a measure of susceptibility to hard cracking, the theory being that 
maximum hardness developed in the base metal under a single weld 
bead is a measure of the physical properties and cracking suscepti- 
bility of the base metal. Several investigators have attempted to 
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Single Bead Deposited Along 
Longitudinal Centerline 


bp———37 +] 


Transverse Section 


x3 Nital Etch Nital Etch 


Fig. 1A—Root Crack System Under a Single Weld Bead on a 0.40 Per 
Cent Carbon Alloy Steel Plate. 


correlate chemical composition with hardness and have given limits 
of chemical composition to avoid excessive hardening and limits of 
hardness to avoid base metal cracking. 

A number of single bead tests were made on alloy structural steels 
using both ferritic electrodes, with and without base metal preheats, 
and austenitic electrodes without base metal preheats. Weld-harden- 
ability curves were plotted by the method shown in Fig. 3A. Table 
I and Figs. 3B and 3C give representative results. No root cracks 
were found under any austenitic single bead deposits nor under any 
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Fig. 1B—Toe Cracks in 0.5-Inch Section of 0.40 Per Cent Carbon Alloy Steel. 
Single Weld Bead Specimen Made with Ferritic Type Electrode. Nital Etch. x 5. 





~_ 1C—Vertical and Root Cracks in 1.5-Inch Section of 0.45 Per Cent Carbon 
Soe a Single Weld Bead Specimen Made with Ferritic Type Electrode. Nital 
am 2% dF 


ferritic single beads deposited with base metal preheats of 250 de- 
grees Fahr. (120 degrees Cent.) or higher. No adequate correla- 
tions were possible between cracking susceptibility and degree or 
depth of hardening in the heat-affected zone. 

Microstructures in the heat-affected zones of a number of the 
hardness survey specimens were studied. Root cracks (Figs. 4A and 
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Fig. 3A—Method of Taking Weld-Hardenability Survey. 
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Table |! 
Results of Weld-Hardenability Surveys 











-~— Single Bead on 6 x 3 x 1%-Inch Block——, --Single Bead on 6 x 3 x %4-Inch Block—, 




























Depth of Depth of 
Critical Critical 
Zone* Max. Zone* Max. 
Steel (Inches) Hard. Cracking (Inches) Hard. Cracking 
Welded at Room a 
WD 1020 et 208 None sae 190 None 
1045 aa ead oui 315 None 
4820 0.075 400 None 0.21 430 None 
6150 0.09 690 Small root crack 0.11 425 Root and toe cracks 
4145 0.09 707 Small root crack 0.07 575 None 
3140 0.10 605 Root crack 0.04 500 None 
4340 0.125 665 Root crack 0.125 565 Root and toe cracks 
2340 0.145 645 Root crack 0.105 597 None 
Welded at 250 Degrees Fahr. Preheat 
4820 0.05 380 None 0.09 380 None 
6150 0.09 708 None 0.09 505 None 
4145 0.12 605 None 0.075 490 None 
3140 0.075 570 None nitwe 385 None 
4340 0.145 640 None ew ait aes 
2340 0.12 595 None 0.075 560 None 
Welded at 400 Degrees roe. Preheat 
4820 0.05 345 None 07 350 None 
6150 0.08 530 None °. 06 465 None 
4145 0.115 580 None te 430 None 
3140 0.055 465 None it ate 350 None 
4340 0.17 625 None sis aad ae 
2340 0.12 560 None 0.045 500 None 
Welded at 600 Degrees Fahr. Preheat 
4820 Sead 7 ae 335 None 
6150 is 380 None ak 450 None 
4145 eae 435 None a 4 345 None 
3140 — 375 None aie ai 300 None 
4340 0.135 515 None hella i ai alia 
2340 een 410 None ee ae 405 None 
Welded at 800 Degrees Fahr. Preheat 
6150 <a 315 None j 390 None 
4145 sees 315 None aie sa hers 
4340 a 375 None een ee eke 
2340 ce le 295 None va 400 None 

























*Vertical distance between fusion line and 50 per cent martensite line, determined by 
change in etching characteristics (see Fig. 3A), by maximum drop on hardness curve, or by 
hardness level corresponding to 50 per cent martensitic structure of steels of equivalent 
carbon content. 











5A) were observed to occur only in those specimens which had a 
martensitic base metal structure in the zone bordering the fusion 
line. The absence of cracks in preheated and thin base metal sec- 
tions, which cooled slowly following welding, could be explained by 
assuming that the austempered type structures (Fig. 4B) found in 
all such specimens had lesser transformation stresses and greater 
ability to relieve gross stresses than the martensitic structures in the 
hard cracked specimens. But the absence of hard cracks in the 
martensitic structures (Fig. 5B) under austenitic weld beads could 
not be explained. 

An attempt was made to find a satisfactory inspection test for 
disclosing the presence of root cracks which, due to their discon- 
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Table ee 


Grossmann 
Chemical Composition———————__ Harden- 
Steel Cc Mn Si Ni Cr Mo V__ ability? Initial Plate Structure 
WD1020 ‘0.22 0.47 0.03 eats So ain ee ad 0.550 Fine-grained, normal 
pearlite-ferrite 
1045 0.435 0.86 0.19 ee ieee aera jan 1.37 Fine-grained, normal 
pearlite-ferrite 
2340 «(0.43 (i060 «=—l 0.29 s—si«3«.S6—i‘a UI SCT ace .... 3.24 Fine-grained, very 
fine pearlite-ferrite 
3140 0.42 0.78 #40.22 Rae GSe:. “Erase ixs. 4.05 Fine-grained, normal 
pearlite-ferrite 
4145 0.40 0.54 0.22 0.37 0.91 0.22 Linea 4.90 Fine-grained, very 
fine pearlite-ferrite 
4340 0.38 0.68 0.20 Be 0.87 0.28 a 8.47 Fine - grained, very 
fine pearlite-ferrite 
4820 0.16 0.55 0.18 3.50 0.16 0.24 ie 2 3.08 Fine - grained, sphe- 


roidal carbides-ferrite 
6150 0.49 0.72 0.15 0.24 0.94 Trace 0.17 3.55 Fine-grained, very 
fine pearlite-ferrite 
Welding Conditions 
Three-inch single bead deposited on block with ,;-inch diameter Fleetweld No. 8, low 
carbon, low alloy ferritic electrode, organic type coating. 
D. C. reversed polarity: 195-200 amperes, 23-25 volts. 
Travel speed: 5 inches per minute. 
¢Grossmann hardenability calculated by assuming a grain size of 4. Actual weld grain 
sizes vary from 1-2 near the fusion line to 7-8 near edge of heat-affected zone for all of 
these steels. Although a difference of only one in as-quenched grain size makes a difference 
of approximately 10 per cent in Grossmann hardenability units, the relative rating of vari 
ous steels will remain the same for any one assumed grain size. 





tinuous nature, may be missed entirely on examining a single polished 
transverse section. The groove-bend test of Fig. 6A was developed. 
Tests were run to show effect of chemical composition of base metal 
on cracking tendencies (Fig. 6B). Root cracks may be observed 
to have opened up during bending of bars from all of the high 
hardenability steels but not in bars from WD-1020 or 1045 steels 
which failed entirely in the weld metal. Results of these and addi- 
tional tests confirm the conclusion that cracks do not form unless 
there is sufficient alloy present in the base metal to effectively harden 
the heat-affected zone during the welding cycle. Compositions which 
contain carbide stabilizing alloys, such as chromium and vanadium, 
were found to show slightly less weld hardening and root cracking 
tendency, particularly when subjected to a prior heat treatment which 
would tend to stabilize carbides, than other alloys of equivalent 
Grossmann hardenability. This is presumably because the time avail- 
able for austempering during the arc welding cycle is insufficient to 
permit complete solution of these carbide forming alloys. 

Fig. 6C illustrates the application of the groove-bend test for 
determining the necessary preheat temperature to eliminate hard 
cracking when welding with ordinary ferritic electrodes. Under the 
conditions of these tests, a preheat of 300 degrees Fahr. (150 degrees 
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Vickers-Brinell Hardness 
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So 


O QI0 Q20 O O10 020 Q30 
Vertical Distance Below Fusion Line, Inches 


Fig. 3B—6x3x1™%-Inch Blocks of WD 3140 Forged from Bar 
Stock. Annealed 3 Hours at 1650 Degrees Fahr., Furnace Cool. 
3-inch single beads deposited with yy-inch diameter Fleetweld No. 8, 
low carbon, low alloy ferritic electrode, organic type coating. Initial 
plate temperatures: 60 to 70 degrees Fahr., 250 degrees Fahr., 400 
degrees Fahr., 600 degrees Fahr. D.C. reversed polarity; 195 to 200 
amperes, 23 to 25 volts. Travel speed: 5 inches per minute. 


Cent.) was required for complete elimination of hard cracking in 
two structural alloy compositions. A great improvement in ductility 
of the weld-hardened zone of these steels is also evident from the 
amount of bend before failure of the 300-degree Fahr. (150-degree 
Cent.) preheat sample. This improvement is presumably due to 
austempering effect. 

In order to check the theory that absence of cracks in the heat- 
affected zone under austenitic weld bead deposits is due to greater 
ductility of weld metal and hence lesser overall stress across the re- 
gion of cracking with austenitic than with ferritic weld deposits, an 
approximate determination of overall stresses was made by the 
method illustrated in Fig. 7. Restraint was varied by increasing or 
decreasing the depth of the slit at the base of the groove machined 
to receive the weld bead deposit. In two series of tests higher overall 
stresses were found for austenitic than for ferritic deposits. In a 
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Welded With 
3/16" Rod 
| 


Vickers-Brine! Heraness 








O O10 Q20 O QI10 Q20 O O10 020 
Vertical Distance Below Fusion Line, lnches 


Fig. 3C-——6x6x1'%-Inch Blocks of 0.26 Carbon Medium Alloy Steel Pilate. 
Quenched and Tempered. Three 3-inch single beads deposited respectively on one 
block with , ¥:, and %-inch diameter plain carbon Murex Fillex electrodes, organic 
type coating; and on another block with ., 3, and ™%-inch diameter austenitic 
electrodes, mineral type coating. Initial plate temperature: 60 to 70 degrees Fahr. 
D.C. reversed polarity. 


Electrode Diameter Amperes Volts 
#5 inch 100-110 22-23 
fs inch 195-210 26—29 
4 inch 300 28 


Travel speed: 5 inches per minute. Blocks set in water % inch deep during welding 
allowed to cool to room temperature between beads. 


third series with higher restraint (less depth of slit ).cracks occurred 
in the weld metals. Austenite is known to have a higher thermal 
contraction than ferritic metal, and while these tests are not regarded 
as conclusive, the experiment served to indicate that the difference 
in overall stresses across a weld bead is not sufficient to explain the 
presence of root cracks when mild steel electrodes are used, and the 
absence of root cracks when austenitic electrodes are used. 

Because of the many anomalies the results of. these tests present 
to existing theories concerning root cracks, the effect of hydrogen 
introduced by moisture and organic matter in the electrode coating 
was investigated. Heating of ferritic type electrodes in an oven 
for 1 hour at a temperature of 600 degrees Fahr. (315 degrees Cent.) 
or higher immediately prior to welding was found to eliminate root 
cracking under single bead deposits and in groove-bend tests on a 
number of hardenable alloy steels. Figs. 8A and 8B show that root 
cracks have occurred under deposits made with untreated electrodes, 
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Fig. 4A—-WD 3140, 1%-Inch Plate Welded at Room Temperature. Upper—Coarse- 
Grained Structure in Plate Metal Immediately Beneath Weld Bead, Principally White 
Martensite. * 200. Lower—Portion of Martensite Grain in Region of Crack. * 1500. 


but are absent when the electrode has been heated prior to use. 
Specimens welded with the treated electrodes fail through the weld 
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Fig. 4B—WD 3140, 1%-Inch Plate Welded at 250 Degrees Fahr. Preheat. Upper 
—Coarse-Grained Structure in Plate Metal Immediately Beneath Weld Bead, Upper 
Bainite at Grain Boundaries, Remainder Principally Lower Bainite. < 200. Lower 
Photomicrographs x 1500. 
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Weld Metal Teper in Groove: Block Allowed 
to Coo/ to Initial Plate Temp. Between Fesses 
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Bar is Bent to Failure 
Fig. 6A—Groove-Bend Test. 













metal and across the weld heat-affected zone at a much higher load 
than that required to open up the root cracks parallel to the fusion 
zone in specimens welded with untreated electrodes. However, hcat- 
ing of the electrode coating has destroyed the protective properties 
of the coating and exposed the weld m¢tal to the same influences that 
cause bare electrode deposits to lose their ductility. 

The effect of moisture is further illustrated in Fig. 9A where 
transverse sections of single beads deposited with four commercial 
ferritic electrodes were given a deep acid etch which tends to exag- 
gerate presence of hard cracks. Adding moisture to the coating by 
immersing the electrodes in water or wrapping moist paper around 
them before welding was found to slightly increase root cracking. 
A temperature of at least 600 degrees Fahr. (315 degrees Cent.) 
(Fig. 9B) for heating electrodes is necessary to eliminate base metal 
cracking; hence, it is assumed that hydrogen present as combined 
moisture and in cellulosic compounds (C,H,,O,) must be driven off 
as well as absorbed moisture. 

Austenitic electrodes, which have been observed to eliminate root 
cracking, are given an all-mineral type coating containing no celiu- 
losic matter. These coatings are often high in calcium curbonate 
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WELOED WITH 212°F. PREHEAT 
180 AMPERES 
28 VOLTS 


WELDED WITH 300°F. PREHEAT 
175-185 AMPERES 
28 VOLTS 


Fig. 6C—-Groove-Bend Tests Showing Effect of Preheat on Base Metal Cracking 
Tendencies of 26 C Medium Alloy Steel. Two Passes with -Inch Diameter Arcrods 
0.001 Ferritic Electrode Deposited in Groove on 1%-Inch Thick Blocks. (Upper Speci 
mens Welded at Room Temperature, 180-190 Amperes, 26-27 Volts.) 


which evolves carbon dioxide in the arc heat. Carbon dioxide would 
be expected to reduce the hydrogen concentration in the weld metal 
by both chemical and mechanical reactions. Commercial ferritic elec- 
trode coatings, even of the so-called “mineral’’ type, contain a cer- 
tain percentage of cellulose, combined moisture, or sometimes acety- 
lene associated with ferro alloys. Special ferritic electrodes with a 


stainless type lime or titania base coating are now becoming available. 
Fig. 9C illustrates the fact that root cracking reoccurs when a fer- 





1944 ARC WELDING ALLOY STEELS 553 


Applied Load 












Hales for 
Whittemore Gage 


ae 
Block firet Calibrated A 


He 


Stress Measurements Then Taken 
cr Weloing and Cooling 
Single Bead Der’? ited 
With */je* Electrode 









$$$__—_____0 Cee C(t ye] 


Fig. 7—Method of Measuring Over-all Stress During Weld- 
ing and Cooling of a Single Weld Bead. 

ritic electrode which has once been dried is again moistened, and 
that root cracks do not ordinarily occur when either an austenitic or 
ferritic electrode is coated with a stainless type coating. Further 
experiments have revealed that root cracks do not ordinarily occur 
when welding alloy steels with mild steel electrodes having either no 
coating or a “sul” (light oxide) coating, but can be produced by 
welding in a steam, alcohol, or hydrogen atmosphere; and that root 
cracks may be produced even when a lime base stainless type coating 
is used if the moisture content of coating is quite high. 

Hydrogen, which may be picked up from atmospheric moisture 
in contact with hot steel, has been definitely connected with such de- 
fects as flakes, shatter cracks, and quench cracks in unwelded steels, 
and very extensive literature references are available on this subject 
(4). Zapffe and Sims (5) have presented a very excellent discussion 
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WELDED WITH UNTREATED ELECTRODE 





Fig. 8A—Groove-Bend Tests Showing Effect of Heating Electrode at 800 Degrees 
Fahr. for 1 Hour Prior to Welding. Two Passes with 4-Inch Diameter SW-76 Ferritic 
Electrode on 1%-Inch Thick Quenched and Tempered Blocks—lInitial Plate Temperature 
60-70 Degrees Fahr. (Specimens at Left, WD4340. Specimens at Right, WD6150.) 


of the fundamental aspects of hydrogen in steel and demonstrated 
experimentally that hydrogen (as absorbed by the weld metal from 
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WELDED WITH UNTREATED ELECTRODE 





Fig. 8B—Groove-Bend Tests Showing Effect of Heating Electrode at 1000 Degrees 
Fahr. a 1 Hour Prior to Welding. Two Passes with *&-Inch Diameter Shield Arc 100 
Ferritic Electrode on 1%-Inch Thick Blocks—Initial Plate Temperature 60-70 Degrees 
Fahr. (Specimens at Left, WD4140. Specimens at Right, WD2340.) 


organic compounds of the electrode coating and from moisture in 
the electrode coating and the atmosphere) is related to weld metal 
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defects such as fisheyes, fissures, and to general embrittlement of the 
weld metal with attendant low ductility in transverse tensile bars. 

The literature regarding the possible effects of hydrogen on base 
metal cracking is very confused, and no experiments of the type 
herein reported are known to the author. The Welding Handbook 
for 1942 (6) disposes of hydrogen in the following two sentences in 
the Chapter on Weldability: “Little information is available on the 
effect of hydrogen in the base metal and this is conflicting. In weld- 
ing, the chief sources are the gases in oxyacetylene and atomic hydro- 
gen welding and moisture in electrodes and atmosphere in arc 
welding.” 

Spraragen and Claussen have reviewed the literature on the 
effect of hydrogen on the welding of steel (7) and found the results 
inconclusive. Zapffe (8) presents an interesting hypothesis which 
might be applied to base metal cracking in much the same way that 
it was later applied to weld metal cracking (5). Bordenheuer and 
Bottenberg (9) have investigated the effect of hydrogen content of 
base metal on cracking (at high temperatures) of thin aircraft sheet 
during oxyacetylene welding and found hydrogen to be an important 
factor. However, Spraragen and Claussen (7) state that differences 
in hydrogen content of these steels were hardly large enough to be 
convincing in view of differences among these steels in other respects. 
Much conflicting evidence is present in the accounts of cracking 
during welding of aircraft steels (10). 

The probable role of hydrogen in hard cracking of steel may be 
summarized briefly, as follows: 

1. If moisture or reducing gases containing hydrogen are pres- 
ent during welding, atomic hydrogen will be dissolved by the molten 
weld metal to the limit of its solubility under the conditions of tem- 
perature, pressure, and available time during the welding process. 
The amount of hydrogen dissolved by the weld metal is believed to 
be many hundred times that which can be held in solution by the 
solidified weld metal. 

2. The base metal adjacent to the fusion line is heated to tem- 
peratures approaching the melting temperature and hydrogen will 
diffuse into this metal to the limit of its solubility under the condi- 
tions of the welding cycle. The amount of hydrogen dissolved by 
the base metal near the fusion zone may also be many hundred times 
that which can be held in solution at room temperature. 

3. On cooling, the weld and base metals become supersaturated 
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ORDINARY 


WO 4/45 STEEL—NORMAL | ZED 3/16" FLEETWELD #8 ELECTRODE 


WD 3140 STEEL—QUENCHED AND TEMPERED 3/16" SHIELD ARC 100 ELECTRODE 


WD 3140 STEEL—QUENCHED AND TEMPERED 3/16" MOLEX ELECTRODE 


WO 3140 STEEL-~QUENCHED AND TEMPERED 





Fig. 9A—Macro-Etched Transverse Sections Through Single Weld Beads Deposited 
with Various Wet, Ordinary, and Dry Ferritic Electrodes on Structural Steel. 


with atomic hydrogen. Hydrogen must then precipitate at all dis- 
continuities (blowholes, inclusions, grain boundaries, or submicro- 
scopic rifts in the metal) as insoluble molecules of hydrogen or other 
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Fig. 9B—Macro-Etched Transverse Sections Through Single Weld Beads Deposited 
with »-Inch Diameter Shield Arc No. 100 on Structural Steel As-Rolled. 


A—Deposited with Untreated Electrode. B—Deposited with Electrode Dried at 1000 
Degrees Fahr. for 1 Hour Before Welding. C—Deposited with Electrode Dried at 600 
Degrees Fahr. for 1 Hour Before Welding. D—Deposited with Electrode Dried at 400 
Degrees Fahr. for 1 Hour Before Welding. 


compounds of hydrogen such as methane. Pressures are thus built 
up causing stresses which may exceed the fracture stress of the metal. 

4. In alloy steels fully hardened by the weld quenching cycle, 
the combination of hydrogen, thermal contraction, and martensitic 
transformation stresses may result in tensile deformation beyond 
the capacity of the metal causing failure by hard cracking. 
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DEPOS!TED WITH DEPOSITED WITH DEPOSITED WITH ELECTRODE WHICH 
UNTREATED ELECTRODE DRIED ELECTRODE WAS FIRGT DRIED, THEN MOISTENED 


WELDED WITH 3/16 INCH DIA. MOLEX ELECTRODE 


WELDED WITH 3/16 INCH DIA. S.W. NO. 76 ELECTRODE 


WELDED WITH 3/16 INCH DIA. FERRITIC ELECTRODE WITH STAINLESS TYPE COATING 


WELDED WITH 3/16 INCH DIA, AUSTENITIC ELECTRODE 





Fig. 9C-—Macro-Etched Transverse Sections Through Single Weld Beads Deposited 
on Normalized WD6150 Steel. 


5. The location of root cracks, and the fact that they are elimi- 
nated by drying the electrode coating, suggest that precipitated hydro- 
gen is the principal cause of root cracking. High magnification 
photomicrographs (Fig. 10) showing the complex nature of hard 
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cracks indicate that high internal pressures may have been operative 
during crack formation. 

The above mechanism is very helpful in accounting for all the 
hitherto unexplainable features of root cracking known to the author. 
The possibly very important part that oxygen may play in the action 
is not yet adequately known, hence the hypothesis may be subject 
to certain corrections and additions. 

Toe and vertical cracks, the second and third types of hard 
cracks (Figs. 1B and 1C), appear to progress along paths to best 
relieve the overall thermal expansion and contraction stresses. 

When heat input is relatively high and plate section is thin, the 
heat-affected zone cools most rapidly at the side of weld bead near 
the plate surface, and in some cases this area may be cooling and 
contracting at the same time that the bottom edge of plate is heating 
and expanding. The result is a high tensile stress at the top plate 
surface near junction with weld bead, which will tend to make the 
plate bow upwards at the ends of a transverse section. Such stresses 
are best relieved by a toe crack of the type shown in Fig. 1B. 

When plate section is relatively heavy, the base metal under 
bead is restrained and may plastically deform on heating. Cooling 
is rapid and high tensile stress may be set up under bead parallel 
with fusion line. Such stresses are best relieved by a vertical crack 
of the type shown in Fig. 1C. 

Either toe or vertical cracks, but particularly toe cracks, are 
apt to start as intergranular hot tears if tensile stresses exceeding 
the hot strength of base metal are developed during the welding cycle. 
Obviously, this tendency increases for base metals which are red- 
short and such steels should be avoided in welding. These cracks 
may continue to grow (sometimes at a very slow rate) as trans- 
granular cracks, after the base metal has cooled, due to stress con- 
centration at bottom of crack. Such growth will continue so long 
as tensile stress exceeds ability of base metal to plastically deform 
and relieve the stress. This condition may exist in highly harden- 
able base metals which have been hardened by the weld quenching 
cycle. When no hot tearing takes place, transcrystalline toe cracks 
may start at notch formed by slight undercutting at junction of weld 
bead and plate. Either toe or vertical cracks may start at nonmetal- 
lic inclusions or at root cracks. Vertical cracking appears to increase 
with moisture content of electrode coating, even with mineral coated, 
austenitic type electrodes. It is possible to have all three types of hard 
cracks, root, toe, and vertical, under the same weld bead. 
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ELIMINATION OF HARD CRACKS 


Hard cracks do not occur when a low hardenability base metal, 
which does not harden during the weld quenching cycle, is selected. 
Nor do hard cracks occur when sufficient preheat is used to develop 
an austempered (bainitic rather than martensitic) structure in the 
weld heat-affected zone. When neither of these measures is practi- 
cal, the following should be considered: 

1. Root cracks are prevented when a mineral coated electrode 
or an organic coated electrode which has been oven-heated to drive 
off absorbed and combined moisture and to break up cellulosic com- 
pounds is used, but the latter method sacrifices protective properties 
of coating and is no better than bare electrode welding. 

2. Toe cracking may be prevented by reducing the ratio of heat 
input to plate section, by reducing the overall restraint on the joint, 
or by selecting a base metal which has higher strength at elevated 
temperatures. 

3. Vertical cracks may be eliminated by reducing overall re- 
straint, by reducing welding heat input, and possibly by eliminating 
moisture from electrode coating. 

Cracks once formed cannot be healed by subsequent heat treat- 
ment, but thermal or mechanical stress-relieving treatments may limit 
growth of hard cracks. If care is exercised to avoid hard cracking 
when first, or root bead, is deposited in a multiple pass weld, a weld- 
ing technique which tempers weld-hardened zone of first bead and 
maintains a suitable interpass temperature to provide preheat for 
subsequent beads, should result in superior service performance of 
welded joint. 

All cracks and notches present in welded structures which are 
subject to impact, repeated high load, or fatigue stresses, are certain 
to accelerate failure. It is essential that weldments assembled from 
alloy structural steels be subject to inspection control tests that will 
disclose presence of hard cracks, that their importance be realized, 
and their causes studied and eliminated. 
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Fig. 10—Root Cracks Approximately 0.01 Inch Below Fusion Line in 0.26 to 0.30 
Carbon Alloy Stecls. Single Bead Weld Specimens Made with Ferritic Type Electrodes. 
Nital Etch. X 1000. 
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